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The p y r o ly s i s -  of th io p h e n e  in  a n i t r o g e n  c a r r i e r  has been s tu d ie d  
betw een 866 and 1233K in  a: q u a r tz  v e s s e l  in  s t a t i c ^  and flow  a p p a r a tu s e s .
The r e a c t i o n  a p p ea rs  t o  be homogeneous and gas p h a se .  The m ajor p ro d u c ts  of 
th e  r e a c t i o n  a re  h y d ro g e n ,m e th a n e ,a c e ty le n e ,h y d ro g e n  s u l p h id e ,b u ta d i e n e ,  
c arbon  d i s u lp h id e ,b e n z e n e ,n a p h th a le n e ,b e n z o th io p h e n e , .p h e n y l th io p h e n e  and th e  
b i th io p h e n e s .  The d is a p p e a ra n c e  of th io p h e n e  i s  g iv en  by th e  r a t e  e q u a t io n s
-d  [Thiophene] / d t  =  1 0^■ .? [  Thiophene] exp (-323* 3/RT;)/;.
The r a t e  of e v o lu t io n  o f  hydrogen i s  g iv e n  by..
d[H2] / d t  =  109 ’ 5 [Thiophene] 3/ 2 'exp(-223*8/ET)
and th e  r a t e  of e v o lu t io n  of b i th io p h e n e  was s i m i l a r .  I n d iv i d u a l  r a t e  equa­
t i o n s  f o r  th e  e v o lu t io n  of th e  b i th io p h e n e  isom ers  were o b ta in e d .
The r e s u l t s  may be e x p la in e d  by a f r e e - r a d i c a l  mechanism i n i t i a t e d  by 
f i s s i o n  of th e  th io p h en e  r i n g .  Two d i s t i n c t  c h a in s  seem to  be in v o lv e d ,o n e  
l e a d i n g  to  b i th io p h e n e s  and hydrogen and th e  o th e r  t o  r i n g  f i s s i o n  p ro d u c ts  
such as m ethane , a c e t y l e n e , carbon  d i s u lp h id e  and b e n z o th io p h e n e .
The r e a c t i o n s  of pheny l r a d i c a l s  g e n e ra te d  by p y r o l y s i s  o f  b e n z i l  were 
a l s o  i n v e s t i g a t e d .  B en z i l  decomposes a t  a r a t e  g iv e n  byr
-d  [ B e n z i l ] / d t  — 1 0 ^  ^ [Benzil] e x p ( - 2 1 0 *4/ r t )
When phenyl r e a c t s  w i th  benzene th e  y i e l d  o f  b ip h e n y l  i n c r e a s e s  w i th  temp­
e r a t u r e .  A c h a in  l e n g th  of about f i v e  was o b ta in e d .  T his  c an n o t be e x p la in e d  
by q u a d r a t i c  c h a in  t e r m in a t io n  o r d i f f u s i o n  of r a d i c a l s  t o  th e  w a l l  and th e  
mechanism i s  u n c e r t a i n .  The r e a c t i o n  o f  pheny l w i th  th io p h e n e  fo l lo w s  a 
s i m i l a r  p a t t e r n .
A number o f  e x p er im en ts  were pe rfo rm ed  on th e  p y r o l y s i s  o f  benzene,, 2*- 
io d o th io p h e n e 'a n d ? 2 -b ro m o th io p h e n e .  The r e l a t i v e  r a t e s  f o r  ~the a d d i t i o n  o f  
p heny l r a d i c a l s  t o  ch lo ro b en zen e  and th io p h e n e  were m easured .
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INTRODUCTION TO PART I
THE PYROLYSIS OF SIMPLE AROMATIC 
COMPOUNDS
INTRODUCTION
1*1 T h is  rev iew  summarizes th e  l i t e r a t u r e  on th e  p y r o l y s i s  of s im p le  a ro m a ti  
compounds found in  o i l s  and © o a l s . ( l ) .  The compounds c o n s id e re d  a r e  benzene , 
th io p h e n e ,p y r r o l e  and p y r id i n e  and t h e i r  r e s p e c t i v e  m ethyl s u b s t i t u t e d  
compounds, P u ran  and m e th y l - f u ra n  a r e  n o t  im p o r ta n t  h e t e r o c y c l i c  im p u r i t i e s  
i n  o i l s  and c b a l  and a re  not: rev iew ed  h e r e .  A lthough P a r t  1 of t h i s  t h e s i s  
i s  concerned  w i th  h e t e r o c y c l i c  a r o m a t i c s , benzene and to lu e n e  have been 
in c lu d e d  because  t h e i r  p y r o l y s i s  has been s tu d ie d  i n  more d e t a i l  th a n  th e  
o th e r  compounds and t h e i r  mechanisms may form a b a s i s  f o r  u n d e r s ta n d in g  th e  
p y r o l y s i s  of h e t e r o c y c l i c  a r o m a t ic s .
1 .2  The p y r o l y s i s  of h e t e r o c y c l i c  a ro m a t ic s  i s  a  n e g le c te d  f i e l d  of gas 
k i n e t i c s .  A lthough many i n v e s t i g a t i o n s  of p ro d u c ts  have been  made th e  on ly  
r e a c t i o n  r a t e  measured has been t h a t  of th e  i s o m e r i s a t io n  of 1-m e th y l  
p y r r o l e  ( 2 ) .  The m a jo r i ty  of w orkers have been i n t e r e s t e d  in  s p e c i f i c  p rod­
u c t s  o r  groups of p r o d u c ts .  F o r  example Hurd (3 )  wanted t o  p rove  t h a t  a re n e s  
were produced in  th e  p y r o l y s i s  of h e t e r o c y c l i c  a ro m a t ic s ;J o h n s o n  ( 4-) was 
i n t e r e s t e d  in  th e  y ie ld  of hydrogen cy an id e  from th e  p y r o l y s i s  of h e te r o ­
c y c l i c  n i t r o g e n  compounds. Because a l l  th e  p re v io u s  i n v e s t i g a t i o n s  have been  
l i m i t e d  in  s c o p e , th e  p r i n c i p a l  p ro d u c ts  of th e s e  p y ro ly s e s  have not. b e en  
d e te rm in e d  and no mass b a la n c e s  have been a t te m p te d .
1 .3  The rev iew  w i l l  be conducted  as f o l l o w s :  F i r s t  t h e  i n v e s t i g a t i o n s  i n t o  
each compound w i l l  be sum m arized. Second th e  k i n e t i c  i n v e s t i g a t i o n s  i n t o  th e  
p y r o l y s i s  of benzene and to lu e n e  w i l l  be d i s c u s s e d .  With th e s e  mechanisms as  
a model th e  p o s s i b l e  p y r o l y s i s  mechanisms o f th e  o th e r  compounds w i l l  be 
d i s c u s s e d .  A d e t a i l e d  rev iew  of th e  mechanisms p roposed  f o r  th io p h e n e  p y ro ­
l y s i s  i s  g iv e n  in  th e  i n t r o d u c t i o n  t o  C h ap te r  5*
BENZENE
1 .4  There have been  many s t u d i e s  of th e  p y r o l y s i s  of benzene . F o r  a  d e t a i l e d  
rev iew  and d i s c u s s i o n  see  Peacock  (5 )  and B rooks ,P eacock  and Reuben (6 ) .
There i s  common agreement between workers th a t two d i s t in c t  r e a c t io n s  occu r. 
The s im p le s t  r e a c t io n  i s  the form ation  o f b iphenyl and hydrogen in  equal 
q u a n t i t ie s .  As the tem perature i s  r a ise d  f i s s i o n  of the benzene r in g  occurs  
g iv in g  a la rg e  number of sim ple and complex f i s s i o n  products ranging from  
methane and a c e ty le n e  through naphthalene to  high m olecular w eight arenes 
such as coronene.
TOLUENE
1 .5  Szwarc (7 )  p y ro ly se d  to lu e n e  in  a f low  a p p a r a tu s .  He found th e  p ro d u c ts  
t o  be h y d ro g en ,b en zen e ,m eth an e  and d ib e n z y l .  Blades,..Blades and S te a c i e  ( 8 ) 
and B rooks, Cummings and Peacock (9 )  found th e  same p ro d u c ts  as  Szwarc bu t 
a l s o  a l a r g e  v a r i e t y  of h ig h e r  m o le c u la r  w e igh t p ro d u c ts  such  as p h en an th ren e  
, f l u o r e n e  and p e ry le n e  t o g e t h e r  w ith  s t y r e n e  and s t i l b e n e  which th e y  a t t r i ­
bu ted  t o  s ec o n d a ry  r e a c t i o n s  of d ib e n z y l .
THIOPHENE
1 .6  Auwers and Bredt ( 1 0 ) f i r s t  showed th a t the th ree  isom ers o f bithiop'hene
were p ro d u c ts  o f  th io p h e n e  p y r o l y s i s .  A s i m i l a r  q u a l i t a t i v e  i n v e s t i g a t i o n
was made by Wynberg and B antjes ( l l ) ; t h e y  pyrolysed  th iophene in  a flo w
3 - 1a p p a r a tu s ,w i th  n i t r o g e n  as  a c a r r i e r  a t  0 «0014cm s , a t :  t e m p e ra tu re s  between 
1073 and 1123K. The condensed p ro d u c ts  were s e p a r a te d  by column ch rom atog - 
rap h y  and f r a c t i o n a l  c r y s t a l l i s a t i o n  and were i d e n t i f i e d  as th e  b i th io p h e n e s  
and b e n zo th io p h en e  p lu s  t r a c e s  of n a p h th a le n e ,p h e n y l th io p h e n e  and t h i o p h t h -  
e n e s .  No g a se s  were c o l l e c t e d ,h o w e v e r , t h e y  c laim ed t h a t  th e  p e r c e n ta g e  y ie ld '  
o f  ca rb o n  d i s u l p h i d e  and hydrogen s u lp h id e  was 15 and 4$ r e s p e c t i v e l y .  Hurd 
(3 )  w i th  a f low  a p p a ra tu s  and c o n ta c t  t im es  of 4 t o  7 seconds  a t  IO98K 
showed t h a t  n a p h th a le n e ,b e n z e n e ,m e th a n e  and hydrogen were p r o d u c ts  o f  th e  
r e a c t i o n .  C u l l i s  and N o rr is  (12 ) i n v e s t i g a t e d  th e  s t r u c t u r e s  o f  p y r o l y t i c  
ca rb o n s  formed in  th e  p y r o l y s i s  of f u r a n , th io p h e n e  and p y r r o le  a t  tem per­
a tu r e s  of 1173 t o  1323K. F o r  th io p h e n e  th e y  found methane and benzene  t o  be 
s t a b l e  p ro d u c ts  and a c e ty le n e  and e th y le n e  t o  be r e a c t i v e  i n t e r m e d i a t e s .. 
Hydrogen s u lp h id e  was i d e n t i f i e d  as a p ro d u c t  and was th o u g h t  t o  be th e  f a t e
1.2
or xne suipnur m  xne sysxera; caroon a ie u ip m a e  was nox iouna among xne 
p r o d u c ts ,th is  may be because the a n a ly t ic a l  c o n d it io n s  used were such th a t  
carbon d isu lp h id e  would not be d e te c te d .
2-METHYL THIOPHENE
1 .7  Hurd (3 )  p y ro ly s e d  2 -m e th y l  th io p h en e  in  a  flow  a p p a ra tu s  a t  1073& w ith  
a c o n ta c t  tim e l e s s  th a n  4 s ec o n d s .  The p ro d u c ts  o f  th e  r e a c t i o n  were found 
t o  be b e n z e n e , th io p h e n e ,c y c lo p e n ta d ie n e ,h y d r o g e n  s u lp h id e ,c a rb o n '  d i s u l p h i d e ,  
h y d ro g en ,m e th an e ,3 -m e th y l  th io p h e n e ,b e n z o th io p h e n e ,n a p h th a le n e  and 2 ,2 * — 
v in y le n e d i th io p h e n e •
PYRROLE
1 .8  P a t t e r s o n  (1 3 )  has c a r r i e d  ou t a com prehensive a n a l y s i s  of t h e  p ro d u c ts  
of p y r r o l e  p y r o l y s i s  a t  1123K,however,no mass b a lan ce  was attem pted*. The 
gaseous  p ro d u c ts  were hydrogen c y a n id e , m ethane , e t h y l e n e , a c e ty le n e  and amm­
o n ia .  Other p ro d u c ts  in  o rd e r  of d e c r e a s in g  abundance were p y r i d i n e , benzo-
n i t r i l e , b e n zen e , q u in o l in e  , , in d o le ,.1 and 2 - n a p h t h o n i t r i l e , n a p h th a l e n e , oc -
o
p i c o l  i n e , a n * l i n e , 0 and m - b .o l t^ i i t r i l e , 2 -c y a n o p y r id in e , f lu o r e n e ,p h e n a n th r e n e -  
a n th ra c e n e  m i x t u r e , f l u o r a n t h e n e ,p y r e n e , b e n z f lu o re n e  and a m ix tu re  o f ch ry sen  
, t r i p h e n y le n e  and b e n z - ( a ) - a n th r a c e n e .  O ther p o s s ib l e  p ro d u c ts  in c lu d e d  ^  -  
p i c o l i n e , i s o q u i n o l i n e , b ip h e n y l , o - p h t h a l o n i t r i l e , a c e n a p h th y le n e , m ethyl pyrene  
b e n z - (h  ) - q u in o l in e  and 2 and 3 - c y a n o p y r r o le s . C u l l i s  and N o r r i s  (1 2 )  a t  
1173 t o  1323K found hydrogen c y a n id e ,m e th a n e ,a c e ty le n e ,e th y le n e  and benzene 
t o  be p ro d u c ts  of th e  r e a c t i o n .  As w i th  th io p h en e  (se e  p a ra g ra p h  1 .6 )  a c e t ­
y len e  and e th y le n e  were found to  be i n t e r m e d i a t e s .
METHYL PYRROLES
1 .9  Jacobson  (2 )  conducted  k i n e t i c  s t u d i e s  on th e  low te m p e ra tu re  p y r o l y s i s  
of 1 -m e th y lp y r ro le  t o  2 and 3 m e th y lp y r r o le s , over th e  te m p e ra tu re  range
748 t o  848K. He found th e  r e a c t i o n  t o  be f i r s t - o r d e r  w i th  r e s p e c t  t o  1-m ethy 
p y r r o l e  and homogeneous. The f i r s t - o r d e r  r a t e  c o n s ta n t  based  on th e  d is a p p ­
e a ra n c e  of 1 -m e th y lp y r ro le  was found t o  be :
k = (2*39 ±  0 -1 1 )  X 1012e x p (-2 2 9 ‘ 3/RT) s ’ 1
Above 848K some d eco m p o s i t io n  of 1 -m e th y lp y r ro le  o ccu red .  The fo l lo w in g
i . 3 ,
gaseous  p ro d u c ts  were i d e n t i r i e d :  M ethane ,e tnane  and e th y le n e .  The l i q u i d  
p ro d u c ts  were a n a ly se d  by mass s p e c t ro m e te r  and found t o  be m e th y lp y r r o le s ,  
p lu s  t r a c e s  of p y r r o l e , d i m e t h y l p y r r o l e s , i n d o l e s ,b e n z e n e  and p y r i d i n e s .  
P a t t e r s o n  (14) confirm ed  Jaco b so n s  p ro d u c t  d i s t r i b u t i o n .  J o h n so n (4 ) has 
shown t h a t  above 973K hydrogen cyan ide  i s  a p ro d u c t  of th e  r e a c t i o n .
PYRIDINE
1 .1 0  Meyer ( 1 5 ),Rukemann ( l 6 ) a n d  Krumholz? (17) have a l l  shown t h a t  b i p y r -  
id i n e s  a re  p ro d u c ts  o f  th e  p y r o l y s i s  o f  p y r id in e  below about 900K,and 
Rukemann has shown; t h a t  t h e i r  fo rm a t io n  i s  accompanied by th e  e v o lu t io n  o f  
hyd rogen . At h ig h e r  t e m p e ra tu re s  of th e  c r d e r  of 1170K Rukemann has shown 
t h a t  p y r id i n e  u ndergoes  r i n g  f i s s i o n  p ro duc ing , t y p i c a l  gaseous r i n g  f i s s i o n  
p r o d u c ts  such  a s  m e th a n e ,o le f in s  and a c e t y l e n e .  Krumholz:: has a l s o  i d e n t i f i e d  
t e r p y r i d y l s , i n d o l ’e and i n d o l i z i n e  among th e  h ig h e r  te m p e ra tu re  p r o d u c t s ,  
though  some d o u b t must be p la c e d  on th e s e  r e s u l t s  s in c e  he used  commercial 
p y r id in e  which i s  u s u a l l y  co n tam in a ted  w i th  p i c o l i n e s .  Hurd(3 )  has demon­
s t r a t e d  t h a t  above HOOK b e n z e n e , a c e t o n i t r i l e , a c r y l o n i t r i l e , b e n z o n i t r i l e
and q u in o l in e  a re  p ro d u c ts  of th e  r e a c t i o n .
METHYL PYRIDINES (PICOLINES)
1.11 Meyer (15 )  p y ro ly se d  2 -m e th y lp y r id in e  a t  ’red  h e a t 1 and o b ta in e d  an 
o i l y  p ro d u c t  which he b e l i e v e d  t o  be 6 ,6  ’-d im e th y l - 2 , 2 ’- b i p y r i d i n e . .  Wibaiit- 
( l 8 )  r e p e a te d  th e  e x p e r im e n t  and claim ed t h a t  th e  p ro d u c t  was 2 , 2 ’- e th y le n e  
d i p y r i d i n e .  R o b er ts  (19) has shown t h a t , l i k e  t o l u e n e , a t  1073K p i c o l i n e  
p ro b a b ly  forms th e  p i c o l y l  r a d i c a l  (ana logous  t o  th e  ben zy l  r a d i c a l ) . .  
Hydrogen and methane were found to  be gaseous p r o d u c t s .  R o b er ts  has  e s t im a te d  
th e  ca rb o n -m e th y l  bond e n e r g ie s  f o r  2 ,3  and 4 - m e th y lp y r id in e s  based  on th e  
r a t i o s  o f  hydrogen and methane form ed. Hurd (3 ) p y ro ly s e d  s e v e r a l  p i c o l i n e s  
a t  t e m p e ra tu re s  betw een 973 and 1123K. At th e  low er te m p e ra tu re s  (99^-1023K) 
re a r ra n g em e n t  o f  th e  p i c o l i n e s  p re d o m in a te d , th a t  i s  2 -m e th y l  r e a r r a n g e d  t o  
form  3 and 4 -m e th y l  e t c .  At h ig h e r  te m p e ra tu re s  th e  f o l l o w i n g  p r o d u c ts  were 
o b se rv ed :  Hydrogen c y a n id e ,h y d r o g e n ,m e th a n e ,e th y l e n e ,b e n z e n e ,a c e to n i t r i l e ,  
a c r y l o n i t r i l e , b e n z o n i t r i l e , p y r i d i n e , p i c o l i n e s  and q u in o l in e  p lu s  a  c o n s id ­
e r a b le  amount of r e s i d u e .
1.4
BENZENE
1 .12  K in e t ic  s t u d i e s  of th e  p y r o ly s i s  of "benzene have been c o n c e n tra te d  on 
th e  low er te m p e ra tu re  r e a c t i o n  where th e  p ro d u c ts  a re  b ip h en y l and hydrogen. 
There i s  a- c o n s id e r a b le  l a c k  of agreem ent among w orkers  about th e  k i n e t i c s  
o f th e  r e a c t i o n .  Pease  and Morton (20) su g g es te d  t h a t  th e  r e a c t i o n  was 
f i r s t - o r d e r  and homogeneous,Chambers e t  a l  (21) a l s o  c la im  f i r s t - o r d e r  
k i n e t i c s .  Mead and Burk (2 2 )  w ith  a. f low  system  found th e  r e a c t i o n  t o  be 
h e te ro g en e o u s  and b im o le c u la r ,w h i le  Hou and Palmer (23 )  found i t  t o  be homo­
geneous and b im o le c u la r .  Louw and Lucas (2 4 ) e s t a b l i s h e d  th e  f r e e - r a d i c a l  
n a tu r e  of th e  r e a c t i o n  (which has been confirm ed  by Peacock ( 5 ) ( 6 ) )  and 
proposed  a mechanism based on 1*7 o rd e r  k i n e t i c s .
1 .1 3  The most r e c e n t  and com prehensive s tu d y  to  d a te  i s  by Peacock (5 ) ( 6 ) *  
The r e a c t i o n  was shown to  be homogeneous and to  have a f r e e - r a d i c a l  mech­
an ism . The r a t e  of e v o lu t io n  of hydrogen was found, t o  be:
d[H2] / d t  =  109"83 exp(-225 /R T )[C 6H6] 3/ 2 - 1.1
To e x p la i n  t h i s  r e s u l t  Peacock proposed  th e  f o l l o w in g  s im ple  mechanism:
c6 h6 = c6h5 + &
H + CgKg 4
C6H5 + ° 6 H6 =  C12H1 0 +  «
C6H5 +  C6H5 =  C12H10 
The s t e a d y  s t a t e  t r e a tm e n t  p r e d i c t s , p r o v i d i n g  th e  c h a in s  a re  l o n g ^ th a t :
d l H ^ / d t  =  d [C12H10] / d t  =  ^ ( ^ / ^ ^ ‘[CgHg]3/ 2 - 1 . 2
The mechanism i s  i n t e r n a l l y  s e l f - c o n s i s t e n t  w ith  th e  e x c e p t io n  t h a t  th e  
measured a c t i v a t i o n n e n e r g y  f o r  hydrogen: e v o lu t io n  i s  s l i g h t l y  low f o r  t h a t  
p r e d i c t e d  by th e  mechanism and th e  c h a i n ‘- l e n g th  which i s  e x c e p t i o n a l l y  h ig h  
(o f  th e  o rd e r  of 1 0 ^ ) .  An a l t e r n a t i v e  s o l u t i o n ’ b ased  on th e  b im o le c u la r
I n i t i a t i o n  ana t e r m in a l  ion  proposed  oy uouw ana jjucas ^ 4  j may e x p la in  me 
r e s u l t s  "b e t te r :
2C6H6
5
C6H7 + C6H5
C6H5 + C6H6 =3 C12H10+ ®
,  5 + c6H6 =6 C6H7
C6H7 C6h5 + H2
C6H5 +  c&
*8
2C6H6 ^
The s t e a d y  s t a t e  t r e a tm e n t  p r e d i c t s , p r o v i d i n g  th e  c h a in s  a re  l o n g , t h a t :  
d [ H g ] /d t  =  d [C12H10] / d t  =  (k7k5k3/ k 8 )l / 2 [C6H6] 3 /2  - 1 . 3
Louw and Lucas have estim a ted  E„ and~Ec and Peacock has estim a ted  E^  as
—X '130,351 and 21 kJmole r e s p e c t i v e l y .  Hence s in c e  Eg s= 0 th e  o v e r a l l  a c t i ­
v a t i o n  en erg y  sh o u ld  he (E ^+  E,- + E ^ )/2  =  251 kJm ole"^ . This v a lu e  i s  s t i l l  
h ig h e r  th a n  th e  measured v a l u e .  However a b im o le c u la r  i n i t i a t i o n  r e a c t i o n ,  
w i th  i t s  low er a c t i v a t i o n  e n e rg y ,c o u ld  be f a s t e r  th a n  r e a c t i o n  1 and hence 
reduce  th e  c h a in  l e n g th  to  a more r e a s o n a b le  f i g u r e .  Since th e  t e r m in a t io n  
r e a c t i o n  8 i s  th e  r e v e r s e  o f  r e a c t i o n  5?th e n  th e  two r e a c t i o n s  in  i s o l a t i o n  
e q u a te  t o  hydrogen exchange between benzene m o le c u le s .  F i e ld s  and Meyerson 
(2 5 ) have p y ro ly s e d  m o n o -d eu te ra ted  benzene and observed  a  c o n s id e r a b le  
amount of p ro t iu m -d e u te r iu m  exchange d u r in g  p y r o l y s i s .
1 .14  K in e t ic  i n v e s t i g a t i o n s  i n t o  th e  h ig h  te m p e ra tu re  r i n g  f i s s i o n  p ro c e s s  
have been c a r r i e d  ou t in  shock  tu b e s  ( 2 6 ) , ( 2 7 )  and (2 8 )  and f lo w  system s 
(29) and (3 0 ) .  The r e s u l t s  a re  c o n t r a d i c t o r y  and have n o t  been  s a t i s f a c t o r i l  
e x p la in e d  by any mechanism. This  i s  not. s u r p r i s i n g  s in c e , f r o m  th e  l a r g e  
number and c o m p le x i ty  of th e  p r o d u c t s , t h e  mechanism must be com plex.
1 .6
1 .1 5  Szwarc ( 7 ) p roposed  th e  fo l lo w in g  mechanism to  e x p la in  th e  p y r o ly s i s  
of to lu e n e :
C6H5CH3 =  °6 H5CH2 +  E 
^10H +  C6H5CH3 =  UGgH5C ^ -f Er, 
k
H'4* C,HcCH.. =  C.H,-f- CK,6 5 3  6 6  3
ch3 +  c6h5ch3 =12c6h5ch2 ,+  ch4
^132C6H5CH2 =  D ibenzyl 
Prom th e  s t e a d y  s t a t e  t r e a tm e n t  of t h i s  mechanism
-d [C 6H5CH3] / d t  = 2-k9 [C6H5CH^ ] - 1 .4
13*3 1Szwarc found t h a t  k^ =  10 exp(-324*3/RT') s ’” . The experim en t has been
r e p e a te d  by s e v e r a l  w orkers  (3 1 ) , (3 2  ) , ( 8 )  and (9)* There now seems t o  be 
agreem ent t h a t  k^ =  1 0 ^ e x p ( -3 7 2 /R T )  s~^ ( 8 ) ( 9 ) .  Brooks e t  a l  ( 9 ) has exp­
l a in e d  some of th e  i n c o n s i s t e n c i e s  in  p re v io u s  work by showing t h a t  th e  
r e a c t i o n  i s  a u t o c a t a l y t i c .  However^to a- good approx im ation ; Szwarc *s mechanis 
i s  s t i l l  v a l i d , a  c o n s id e r a b le  achievem ent f o r  such  an e a r l y  p ie c e  o f  work.-
HETEROCYCLIC AROMATICS
1 .1 6  With th e  above d i s c u s s i o n  of th e  benzene and to lu e n e  mechanisms in  
m in d ,th e  r e s u l t s  from  the  p y r o l y s i s  of h e t e r o c y c l i c  a ro m a t ic s  become e a s i e r  
t o  u n d e r s ta n d .  I t  would ap p ea r  from  an exam in a tio n  o f th e  r e a c t i o n  p ro d u c ts  
t h a t  th e  p y r o l y t i c  r e a c t i o n s  o f  th e s e  compounds resem ble  th o se  o f  benzene 
and to lu e n e  e . g .
a .  F o r  th e  u n s u b s t i t u t e d  h e t e r o c y c l i c  t h e r e  a p p ea rs  t o  be a  d i m e r i s a t i o n  
r e a c t i o n  s i m i l a r  t o  th e  fo rm a t io n  of b ip h e n y l  in  benzene p y r o l y s i s .
Hence th io p h e n e  p y ro ly s e s  to  g ive  b i th io p h e n e s  and p y r id in e  t o  g ive  
b i p y r i d i n e s .  No such  r e a c t i o n  has been observed  f o r  p y r r o l e .  T h is  i s  n o t  
s u r p r i s i n g  s in c e  th e  p y r o ly s i s  te m p e ra tu re s  have been h igh ,1123K  (13 )
ana ^ i * ; , x n a t  i s  m  tn e  r e g io n  where r i n g  f i s s i o n  would be expec ted
t o  p re d o m in a te .
b .  As th e  te m p e ra tu re  i s  in c re a s e d  h e t e r o c y c l i c  a ro m a tic s  u n d e rg o  r i n g  
f i s s i o n  p ro d u c in g  s i m i l a r  r i n g  f i s s i o n  p ro d u c ts  to  b e n z e n e , th a t  i s  sm all  
s t a b l e  m o lecu les  su ch  as m e th a n e ,a c e ty le n e ,h y d ro g e n  s u lp h id e  and hydro­
gen cy an id e  and s t a b l e  a ro m a tic  p ro d u c ts  such  as n a p h th a l e n e ,b e n z o th io -  
p h e n e ,q u in o l in e  and f l u o r e n e .
c .  The p ro d u c t io n  of d ib e n z y l  in  th e  p y r o l y s i s  of to lu e n e  i s  m ir ro re d  in  
th e  p y r o l y s i s  of 2 -m e th y l th io p h en e  and 2 -m e th y lp y r id in e  in  t h a t  th e y  
form  2 , 2 ' - v in y le n e d i th io p h e n e  (SC^H^CIfeCHC^H^S) and 2 , 2 ’- e t h y l e n e d i -  
p y r id i n e  r e s p e c t i v e l y .  I t ,  i s  p o s s ib l e  t h a t  d u r in g  p y r o l y s i s  SC^H^CH^
and NC^ H^ CH^  r a d ic a ls  term inate q u a d r a tic a lly  and lo s e  hydrogen in  el- way 
analogous to  the form ation  o f s t i lb e n e  from d ib en zy l in  to lu en e  p y r o ly s is  
2 and 3 -m eth y lp y rro les  have not been p y ro ly sed .
1 .17  I s o m e r i z a t i o n . Because of t h e i r  l a c k  of sym m etry ,m ethyl s u b s t i t u t e d  
h e t e r o c y c l i c  a ro m a tic s  e x i s t  in  two o r  t h r e e  iso m e r ic  fo rm s .  When one isom er 
i s  p y ro ly s e d  i t  i n v a r i a b l y  forms th e  o th e r  p o s s ib l e  isom ers as  p r o d u c t s .
Hence 1 -m e th y lp y r ro le  p y ro ly s e s  to  2 and 3 -m e th y lp y r ro le ,2 -m e th y l th io p h e n e  
t o  3 -m e th y l th io p h en e  and 2 -m e th y lp y r id in e  t o  3 and 4 - m e th y lp y r id in e .  Jacobson  
(2 )  has shown t h a t  th e  i s o m e r iz a t io n  of 1 -m e th y lp y r ro le  i s  f i r s t - o r d e r  and 
homogeneous. There a re  two s im ple  mechanisms which may e x p la i n  t h i s  ty p e  of 
r e a c t i o n :
a .  I f  one of th e  ca rb on-hydrogen  bonds of th e  m ethyl group i s  b ro k en , 
e i t h e r  by s im p le  u n im o le c u la r  f i s s i o n  o r  by a hydrogen a b s t r a c t i o n  
r e a c t i o n , t h e n  th e  r e s u l t i n g  r a d i c a l  may iso m e r iz e  v i a  a  c y c l i c  t r a n s i t i o n  
s t a t e  as f o l lo w s :
,________, ,_______ . rfCI-L
Q c h 2  —  0 C H *  -  C ?  2
k/ • V
r e a c t i o n  e . g .
[JLX ^ C H . +  H [Ml + CH. c?CH3+ H
CONCLPSION
1 .1 8  There a p p ea rs  t o  be s i m i l a r i t i e s  between th e  p y r o l y s i s  o f  benzene and 
t h a t  of th io p h e n e  and p y r i d i n e , p a r t i c u l a r l y  a t  low te m p e r a tu r e s .  I t ,  seems 
p ro b a b le  t h a t  p y r r o l e  would a l s o  show th e  same s i m i l a r i t i e s  i f  i t  were 
p y ro ly se d  u n d e r  s i m i l a r  low te m p e ra tu re  c o n d i t io n s  t o  ben zen e .  M e th y l th io — 
phene and m e th y lp y r id in e  a l s o  a p p e a r  t o  behave s i m i l a r l y  t o  t o lu e n e .  I t  i s  
d i f f i c u l t  t o  compare h ig h e r  te m p e ra tu re  p y ro ly s e s  where r i n g  f i s s i o n  p r e ­
dom inates  because  o f  th e  c o m p le x i ty  of th e  r e a c t i o n .  Therm odynam ically  (12) 
r i n g  f i s s i o n  shou ld  occu r  more r e a d i l y  in  h e t e r o c y c l i c  a ro m a t ic s  th a n  in  
benzene because  th e  c a rb o n -h e te ro e le m e n t  bond i s  weaker th a n  th e  c a rb o n -  
carbon :bond in -b e n z e n e .  H ow ever,there  i s  no c o n c lu s iv e  ev id en ce  t h a t  h e t e r ­
o c y c l i c  a ro m a t ic s  a re  l e s s  s t a b l e  th a n  a ro m a tic  h y d ro ca rb o n s .
THIOPHENE
1 .19  The th io p h e n e  m olecu le  i s  a f i v e —membered p l a n a r  r i n g  w i th  th e  f o l l o w i n  
d im ensions  (3 3 ) :
1.9
which i s  c lo s e  t o  th e  re so n an ce  en e rg y  of benzene (151 kJmole""^). There a re  
s e v e r a l  p o s s i b l e  r e a s o n s  f o r  t h i s ;
a .  S u lp h u r  has a l a r g e  bonding  r a d i u s  which a llow s th e  C-C-C b o n d -an g les  
t o  be wide enough to  reduce  th e  a n g le -c o m p re s s io n  s t r a i n ’.in  th e  molecule*
b .  T r i v a l e n t  s u lp h u r  can t o l e r a t e  a p o s i t i v e  c h a r g e , t h e r e f o r e  th e  p o l a r ­
is e d  c a n o n ic a l  form s I  t o  IV c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  re so n an ce  
h y b r id •
c .  S ince  s u lp h u r  i s  a second-row  elem ent i t  has 
f o r  bond ing  which means t h a t  c a n o n ic a l  form s of 
t o  th e  re so n an ce  hybrid*
v
d* M o lecu la r  O r b i t a l  th e o ry  p r e d i c t s  t h a t  th e  f o u r  p - e l e e t r o n s  of th e  
r i n g  a re  c o n ju g a ted  w ith  one lone  p a i r  of e l e c t r o n s  on th e  s u lp h u r  atom 
p ro d u c in g  s i r  n - e l e c t r o n s .  Hence th io p h e n e s  e l e c t r o n i c  s t r u c t u r e  i s  
s i m i l a r  t o  b en ze n e s .
1 .2 0  Thiophene i s  a c o lo u r l e s s  v o l a t i l e  l i q u i d  which b o i l s  a t  84*12°C and 
f r e e z e s  a t  -38*3°C . I t  has an ex trea if tly  u n p le a sa n t :  sm ell  and i s  t o x i c  ( f o r  
i n h a l a t i o n  LC^Q(m ice) =  8700ppm (35 ))*  Because of t h i s  a l l  ex p e r im en ts  on 
th e  f low  a p p a r a tu s  (se e  C h a p te r s *2 and 3) were c a r r i e d  put, i n  a fum e^cup- 
b o a rd .  C hem ica lly  th io p h e n e  i s ' s i m i l a r  to  b e n z e n e . p a r t i c u l a r l y  w i th  r e s p e c t  
to  e l e c t r o p h i l i c  s u b s t i t u t i o n .
d - o r b i t a l s  a v a i l a b l e  
th e  ty p e  V can c o n t r i b u t
1 .1 0
\1.21  The O ccurrence of S u lphu r in  O ils  and C o a ls .  Su lphur a p p ea rs  as an 
?
in ^ i r i ty  in  a l l  o i l s  and c o a l s .  The amount o f  s u lp h u r  p r e s e n t  v a r i e s  w i th  th e  
so u rce  of th e  o i l  o r  c o a l .  For c o a ls  th e  p e rc e n ta g e  by w eigh t o f  s u lp h u r  
v a r i e s  from  0 -5  to  7$ ( 3 6 ) , and f o r  o i l s ^ O ' l  t o  5% ( 3 7 ) • -The s u lp h u r  e x i s t s  
in  th e  f o l l o w i n g  fo rm s .
a .  I n o r g a n ic  s u lp h u r  such  as f e r r o u s  s u lp h id e , fo u n d  o n ly  in  c o a ls  and 
which can acco u n t f o r  50-60% of th e  t o t a l  s u lp h u r  p r e s e n t  (38)*.
b .  O rganic  s u lp h u r  found in  b o th  o i l s  and c o a ls  which can be e i t h e r :
i .  A l i p h a t i c  s u lp h u r  m e r c a p ta n s , t h io e th e r s  e t c .
i i .  A rom atic  s u l p h u r , t h a t  i s  s u lp h u r  c o n ta in e d  in  t h io p h e n ic  r i n g s ,  
w hich acc o u n ts  f o r  a p p ro x im a te ly  60$ of a l l  o rg a n ic  s u lp h u r .
1 .22 The Removal of O rganic  S u lp h u r . The p r i n c i p a l  method of rem oving s u lp h u  
from o i l s  and c o a ls  i s  by c a t a l y t i c  d e h y d r o s u lp h u r iz a t i o n  w i th  hydrogen over 
a cobalt-m olybdenum  c a t a l y s t .  Under such  c o n d i t io n s  th e  c a r b o n - s u lp h u r  bonds 
a re  hydrogeno lysed  w i th  th e  fo rm a t io n  of hydrogen s u lp h id e  which i s  e x t r a c t e  
w i th  mono- o r  d ie th a n o la m in e  and th e  s o l u t i o n s  co n v er ted  t o  s u lp h u r .  T h is  
p ro c e ss  has th e  fo l l o w in g  p rob lem s:
a .  I t  i s  e x p e n s iv e , n o t  on ly  due t o  th e  c o s t  of h y d ro g e n ,b u t  because  
s u lp h u r  te n d s  t o  p o is o n  th e  c a t a l y s t .
b .  T h io p h en ic  compounds a re  more d i f f i c u l t  t o  d e h y d ro s u lp h u r iz e  th a n  
a l i p h a t i c  s u lp h u r  compounds.
c .  Under th e  a c t i o n  o f  h e a t , a l i p h a t i c  s u lp h u r  compounds ten d  t o  be 
co n v e r ted  t o  th io p h e n ic  compounds.
1 .11
jj-u a  u r  r x i u u r i u x
1 .23  The aim o f th e  p r o j e c t  was t o  i n v e s t i g a t e  th e  th e rm a l  s t a b i l i t y  of. 
t h io p h e n ic  compounds in  o rd e r  t o  d e te rm in e  th e  u l t im a te  f a t e  of th e  s u lp h u r  
when th e  r i n g  b reaks  open. I t  was d ec id ed  to  i n v e s t i g a t e  th e  p y r o l y s i s  of 
th io p h e n e , s in c e  i t  i s  th e  s im p le s t  m olecule  and th e  l e a s t  s t a b l e .
v OUTLINE OF INVESTIGATION
1.24  P r e l i m in a r y  E x p e r im e n ts . P r e l im in a r y  ex p e r im en ts  were d e v ise d  t o  e s t ­
a b l i s h  th e  fo l lo w in g :
a .  T h e .p ro d u c ts  of th e  r e a c t i o n .
b .  A m ass -b a la n ce  f o r  th e  r e a c t i o n .
c .  The y i e l d s  of th e  v a r io u s  p r o d u c ts .
d." Which p ro d u c ts  a r e  i n t e r m e d ia t e s .
e .  How th e  y i e l d s  of th e  p r i n c i p a l  p ro d u c ts  v a ry  w i th  t e m p e r a tu r e .
With th e  above in fo r m a t io n  i t  was hoped to  p o s t u l a t e  a mechanism and d e c id e  
which p ro d u c ts  might p roduce  s i g n i f i c a n t  k i n e t i c  d a t a .
1 .24  K in e t i c  M easurem ents . Because of th e  d i v e r s i t y  of th e  p ro d u c ts  o f  th e  
r e a c t i o n , k i n e t i c  measurements were made on b o th  a f low  and a s t a t i c  a p p a r a tu  
The f low  a p p a r a tu s  was used t o  measure th e  r a t e  of e v o lu t io n  of i n v o l a t i l e  
p ro d u c ts  and th e  r a t e  of d is a p p e a ra n c e  of th io p h e n e .  The s t a t i c  a p p a r a tu s  
was used t o  check  th e  r a t e  of d is a p p e a ra n c e  of th io p h en e  and measure th e  
r a t e  o f  e v o lu t io n  of v o l a t i l e  and gaseous  p r o d u c t s .
1.12
v
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PRELIMINARY EXPERIMENTS
INTRODUCTION
2 .1  The aim of th ese  p re lim in a ry  experim ents was to  determ ine the  
fo llo w in g :
a . The products of the r e a c t io n .
b . A m ass-balance fo r  the r e a c t io n .
c .  The y ie ld s  of the v a r io u s p ro d u cts.
d . Which products are in ter m e d ia te s .
e .  How the y ie ld s  o f the p r in c ip a l products vary w ith tem perature.
EXPERIMENTAL
APPARATUS
2 .2  The apparatus used fo r  a l l  the experim ents was a flow  apparatus
a b lo ck  diagram of which i s  shown below in  F ig  2 .1 .
A - P R E S S U R E  FLOW REGULATOR
FURNACE
C-SA T U R A T O R  
D - G A S  SAMPLER 
E - C O M ) - T R A P S  
} -FLOWMETER
FIG 2 .1  FLOW.APPARATUS
2 .1
d ia m e te r  made by  G allenkam p. The fu rn a c e  had th r e e  w ind ings  in  s e r i e s
each  shun ted  by a r h e o s t a t .  An even te m p e ra tu re  was ach ieved  by
a d ju s tm e n t  of th e  c u r r e n t  th ro u g h  th e  end w in d in g s .  The te m p e ra tu re
0was c o n t r o l l e d  t o  w i th in  2 1 C w i th  a ch rom el-a lum el therm ocouple  
f i t t e d  w ith  an A .E . I .  CJ1 c o n s ta n t  te m p e ra tu re  j u n c t io n  and an A .E . I .  
RT3/RMk2' the rm ocoup le  te m p e ra tu re  c o n t r o l l e r .  The te m p e ra tu re  was 
measured w i th  a ch ro m el-a lu m el therm ocouple  and a. d i g i t a l  v o l tm e te r .
2 .4  R e a c t io n  V e s s e l . The r e a c t i o n  v e s s e l  was c y l in d r i c a l ,m a d e  of' q u a r tz , ,  
w i th  arms c o n s t r u c t e d  of 1 cm o .d .  s i l i c a  tu b in g .  The volume of th e  
r e a c t i o n  v e s s e l  was 112*5 cm^ and 149*0 cm^ p lu s  arms..
2 .5  C a r r i e r  G as. The c a r r i e r  gas used was w h i te - s p o t  n i t r o g e n *  The 
s u p p ly  from  a c y l i n d e r  was p a ssed  over Linde m o le c u la r  s ie v e  and 
r e g u la t e d  w i th  a Brooks 8744A p r e s s u r e  c o n t r o l l e r  and Hoke n e e d le  
v a l v e s .  The f low  r a t e  was measured a p p ro x im a te ly  by two M.F.G. Co. L td .  
r o t a m e t e r s , a  0 -150 cm^ min ^ and a 0-500 cm^ min ^ , i n  p a r a l l e l .  A ccu ra te  
f low  r a t e s  were de te rm in ed  w i th  a  50 cm^ bubble  f lo w m e te r .
2 .6  S a t u r a t o r . A t r a p  c o n ta in in g  th io p h en e  was p laced  in  a Dewar f l a s k  
c o n ta i n in g  a m ix tu re  of ic e  and w a te r .  N i t ro g e n  was th e n  bubbled 
th ro u g h  the  th io p h e n e  and p a ssed  i n t o  a s i m i l a r  t r a p , a t  room te m p e ra tu re , ,  
packed w ith  g l a s s  beads of a p p ro x im a te ly  2mm d ia m e te r rwhich ensu red
t h a t  th e  th io p h e n e  and n i t r o g e n  were th o ro u g h ly  m ixed. A ttem pts  t o  
s a t u r a t e  th e  n i t r o g e n  w i th  th io p h e n e  were u n s u c c e s s f u l  and were t h e r e f o r e  
abandoned in  f a v o u r  of a n a l y s i s  of th e  gas m ix tu re  p a s s in g  i n t o  th e  
r e a c t i o n  v e s s e l .  The te m p e ra tu re  of 0°C was chosen t o  en su re  t h a t  
th io p h e n e  did  n o t  condense in  th e  gas l i n e  between th e  s a t u r a t o r  and 
th e  r e a c t i o n  v e s s e l .
2 .7  Sampling and T ra p p in g . The i n l e t  and e x i t  ga se s  were sampled th ro u g h
3
a s i l i c o n  r u b b e r  septum w ith  a 2*5 cm Hamilton gas s y r i n g e .  The e x i t  
g a se s  were a l s o  sampled v i a  a gas sample lo o p .  The i n v o l a t i l e  p r o d u c ts  
were t ra p p e d  in  a v a r i e t y  of ways:
a .  By norm al t r a p s  coo led  by i c e , c a r d i c e  or l i q u i d  n i t r o g e n .
b .  In  c o n ju n c t io n  w i th  "a"  above by p a s s in g  th e  e x i t  g a se s  th ro u g h
2 .2
c .  With a " p ro b e ” t r a p  (see  F ig  2 . 2 ) .  The e x i t  g a se s  were sucked from  
th e  e x i t  arm of th e  r e a c t i o n  v e s s e l  a t  a c o n s ta n t  r a t e  f o r  a c o n s ta n t :  
t im e and condensed in  th e  t r a p ;w h ic h  was packed w i th  2mm d ia m e te r  g l a s s  
beads and coo led  by c a r d i c e .
A -  GLASSWOOL PLUG 
B -  HYDROGEN SULPHIDE SCRUBBER 
- C -  ROTAMETER
FIG 2*2 "PROBE" TRAP
ANALYTICAL TECHNIQUES
2 .8  G as-L iqu id  Chromatography (GLC). S e r i a l s  1 ,2 ,5 j6 > 7 ?8 > 9  ana ^
1 Appendix 2 summarizes th e  c o n d i t io n s  and columns used  f o r  each. sample type*  
D e t a i l s  o f  th e  GLC c a l i b r a t i o n s  made f o r  each  p ro d u c t  a re  a l s o  g iv en  in  
Appendix 2 .
2 .9  GLC/Mass-Spectrometjfery. A ll  th e  p ro d u c ts  e x c e p t  th e  perm anent ga se s  were 
an a ly se d  w i th  th e  fo l lo w in g  G L C /m ass-spectrom et^ry  l i n k :
a .  S p e c t ro m e te r . The s p e c t ro m e te r  used  was an A .E . I .  MS12 w i th  th e  
fo l lo w in g  c o n d i t i o n s :
i .  Source te m p e ra tu re  170°C.
i i .  I o n i z i n g  p o t e n t i a l  70 eV.
o
i i i .  S e p a ra to r  te m p e ra tu re  100 C.
o
i v .  GLC l i n e  te m p e ra tu re  180 C.
v • o p c c u  7  u i i  l o u g u  7 #
vd . Paper speed 1 inch  s~ * .
b . GLC. The chromatograph used was a Pye 204 w ith  helium  as the c a r r ie r  
g a s . The c o n d it io n s  were th ose g iv e n r in  s e r ia l s  1 and 2 of Table 1 
Appendix 2 .
2 .1 0  M ass-Spectrom etric A n a ly s is  o f  P y r o ly t ic  Carbons. Samples o f  the pyro­
l y t i c  carbons formed during the r e a c t io n  were an a lysed  by B r i t is h  Gas a t  
th e ir  London R esearch S ta t io n  on a<. Varian MAT 311A. Small p o r tio n s  of' each  
sample were p laced  onna- d ir e c t  in s e r t io n  probe. The sample was heated from
© O —»*}
30 to  500 C a t  approxim ately  1 C; s  and sp ec tra  recorded every  ten  seconds*. 
The m ass-sp ectrom eter was operated in  the e le c tr o n  impact m ode,w ith an 
e le c tr o n  energy of "JO eV and r e s o lv in g  powers o f 1000 and 10000.
2 .1 1  G ravim etric A n a ly s is . A lthough i t  was p o s s ib le  to  an a lyse  q u a l i t a t iv e ly  
fo r  hydrogen su lp h id e  by GLC,it proved im p ossib le  to  do so  q u a n t i t a t iv e ly .  
This was because the sam pling and in j e c t io n  system  of the chromatograph 
were p a r t ly  co n stru cted  of s t a in le s s  s t e e l .  Some of the hydrogen su lp h id e  
rea cted  w ith  the s t a in le s s  s t e e l  b efo re  p a ss in g  through the column* Accurate  
y ie ld s  were th e r e fo r e  measured by p a ss in g  the e x i t  ga ses  o f the r e a c t io n  
v e s s e l  through lead  a c e ta te  s o lu t io n  and w eighing the amount of lead  su lp h id  
form ed. One D rech sel b o t t le  was found to  be s u f f i c i e n t  to  remove a l l  th e  H^ -S
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2}.12 Simple P y r o ly s is . A pproxim ately 5 cm  ^ of th iophene was p laced  in  the  
s a tu r a to r . N itrogen  was bubbled through the th iophene and th e m ixture of 
g a ses  passed through the r e a c tio n  v e s s e l .  The in v o la t i l e  products were c o l l ­
ec ted  fo r  a n a ly s is  in  co ld  tr a p ( s )  a t the e x i t  o f th e r e a c t io n  v e s s e l .  Per­
manent ga ses  and v o l a t i l e  products were sampled w ith  a gas sy r in g e ..
25.13  M ass-B a lan ces .  Simple m a ss -b a la n ce s  were o b ta in e d  by w e ig h in g  th e  
th io p h e n e  in  th e  s a t u r a t o r  b e fo re  and a f t e r  th e  p y r o l y s i s l a n d  c o l l e c t i n g  
th e  p ro d u c ts  in  a s e r i e s  o f  p r e v io u s ly  weighed c o ld  t r a p s .  M ass-b a lan ces  
based  on. th e  amount of th io p h e n e  w hich had r e a c te d  were o b ta in e d  by sam p lin g  
th e  i n l e t  and e x i t  g a se s  f o r  th io p h e n e .  Y ie ld s  of a l l  th e  m a jo r  p ro d u c ts , ,  
u n d e r  i d e n t i c a l  c o n d i t i o n s , were th ennm easu red . I n v o l a t i l e  p r o d u c ts  were
2 .4
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in  s e r i e s .  V o l a t i l e  and gaseous  p ro d u c ts  were sampled w i th  a gas s y r in g e .  
Hydrogen s u lp h id e  was de te rm in ed  g r a v i m e t r i c a l l y .
2 .1 4  P ro d u c t  Y ield  vs Time. S e v e ra l  p y ro ly s e s  were c a r r i e d  ou t u nder  id e n ­
t i c a l  c o n d i t io n s  ex ce p t  t h a t  th e  c a r r i e r  gas flow  r a t e  was a l t e r e d  in  o rd e r  
t o  change th e  r e s id e n c e  tim e  of th e  th io p h en e  in  th e  r e a c t i o n  v e s s e l .  
N a p h th a len e ,  benztvfchiophene, p h e n y l th io p h e n e  and th e  b i th io p h e n e s  were c o l l ­
e c te d  in  th e  Mp robe"  t r a p  d e s c r ib e d  in  p a ra g ra p h  2 .7 c .  The tfime f o r  which 
t h e s e  p ro d u c ts  were c o l l e c t e d  was a d ju s t e d  t o  a llow  f o r  th e  v a ry in g  amount 
o f  th io p h e n e  b e in g  p y ro ly s e d  due t o  th e  d i f f e r e n t  f lo w  r a t e s  u s e d .  The 
c o n te n t s  of th e  t r a p  were washed i n t o  a  5 cm^ g ra d u a te d  f l a s k  w i th  e th a n o l ,  
made up t o  th e  mark and a n a ly s e d  by GLC. V o l a t i l e  and gaseous p ro d u c ts  were 
sampled w i th  a gas s y r i n g e .
2 .1 5  P ro d u c t Y ie ld  vs T e m p era tu re . S e v e ra l  p y ro ly s e s  were c a r r i e d  out a t  
d i f f e r e n t  t e m p e r a tu r e s .  The c a r r i e r  gas flow  r a t e  and th e  d u r a t i o n  o f  each  
ex per im en t were a d ju s te d  so  t h a t  th e  r e s id e n c e  tim e and th e  amount of t h i o ­
phene b e in g  p y ro ly se d  rem ained  c o n s t a n t .  I n v o l a t i l e  p ro d u c ts  were c o l l e c t e d  
in  a t r a p  coo led  by c a r d i c e .  V o la t i l e  and gaseous p ro d u c ts  were sampled w i th  
a gas s y r in g e .
RESULTS
2 .1 6  G LC/M ass-Spectrom et^ry . P ig  2 .3  shows a chrom atograph  o b ta in e d  from  th e  
a n a l y s i s  of th e  i n v o l a t i l e  p ro d u c ts  of th e  r e a c t i o n  (se e  s e r i a l  1 Table  1 
Appendix 2 f o r  th e  c o n d i t i o n s ) .  Table  2 .1  g iv e s  a l i s t  o f  th e  p ro d u c ts  id e n ­
t i f i e d  w i th  t h i s  t e c h n i q u e , t h e i r  im portance  and th e  method used  to  co n f irm  
t h e i r  i d e n t i t y .
D Indene 
E Naphthalene 
F Benzothiophene 
G Biphenyl 
. H Phenylth iophene 
I 2 ,2-B ithiophene
FIG 2 .3  CHROMATOGRAPH OF INVOLATILE PRODUCTS
TABLE 2 .1
Im portance C o n firm a tio n
S e r i a l P ro d u c t Major Minor Peak
Enhancement
R e l a t i v e  
R e te n t io n
1 1-3  B u tad ien e 4* 4*
2 Carbon D ieu lp h id e 4* 4-
3 Benzene 4- 4-
4. ' E th y lb en zen e 4* +
5 S ty ren e +
6 T hiophenol +
7 P h e n y la c e ty le n e 4*
8 Indene 4 +
9 D im ethyl Thiophene +
10 N aph tha lene  __ .....4* +
11 Benzoth iophene 4» 4-
12 Methyl N aph thalene ' 4-
13 Methyl B enzoth iophene 4»
14 B iphenyl + +
15 2-P h e n y l th io p h e n e + 4-
16 3 - 4- 4-
17 2 , 2 ‘-B i th io p h e n e + 4'
18 2 , 3 ’- + 4 - Ref ( l  )
19 3 , 3 ' - 4* +  ..
20 F lu o re n e « 4- 4*
21
22
Diben zo t  h i  ophene 
(TeriSliiophene
+
4*
2 .6
a re  g a se s  a t  norm al t e m p e ra tu re s  and th e  method used  t o  con firm  t h e i r  
i d e n t i t y .
TABLE 2 .2
S e r ia l Product
Confirm ation
Peak
Enhancement
R e la tiv e
R eten tion
1 Hydrogen 4*
2 Methane 4- 4-
3 A cetylen e 4* ' 4*
4 Hydrogen Sulphide ~ 4- 4-
2*18 A n a ly s is  o f  P y r o l y t i c  C arbons.' Three so u rc e s  of p y r o l y t i c  carbon  
were a n a ly s e d .  Sample 1 , ca rb o n  d e p o s i te d  in  e x i t  arm of th e  r e a c t i o n  
v e s s e l , s a m p le  2 , carbon  suspended  in  th e  c a r r i e r  gas and c o l l e c t e d  on a 
g la s s -w o o l  p lu g  o u ts id e  th e  r e a c t i o n  v e s s e l  and sample 3 , carbon  from  th e  
i n t e r i o r  of th e  r e a c t i o n  v e s s e l .  P ig  2 . A shows th e  t o t a l  io n i s a td o n  
p r o f i l e s  f o r  th e  t h r e e  sam ples which r e f l e c t s  th e  v a r i a t i o n s  in  th e  
amount of m a t e r i a l  d e s o rb in g  from  th e  sam ples a t  d i f f e r e n t  t e m p e r a t u r e s . -
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m a t e r i a l  d e s o r b in g  a t  h ig h e r  t e m p e r a tu r e s .  Sample 2 showed o n ly  a peak  
a t  low er t e m p e r a tu r e s .  Very l i t t l e  m a t e r i a l  desorbed  from  sample 3*
Table  2 .3  g iv e s  th e  r e s u l t s  from  th e  a n a l y s i s  of sample 1 f o r  a ro m a tic  
hyd ro ca rb o n s  and Table  2 .4  th e  r e s u l t s  f o r  s u lp h u r  compounds. The ambi­
g u i t y  over th e  e le m e n ta l  fo rm u lae  was due to  the  i m p o s s i b i l i t y  of 
r e s o l v i n g  d o u b le t s  w ith  a  r e s o l v i n g  power of 10000., The name su g g e s te d  
f o r  a p a r t i c u l a r  e le m e n ta l  fo rm u la  i s  o f t e n  one of s e v e r a l  p o s s i b i l i t e s j -  
o th e r  iso m e r ic  compounds may a l s o  be p r e s e n t . .
TABLE 2 .3
S e r i a l
•Nominal
Mass
A ccura te  
. Massuu
E lem enta l
Formulae I d e n t i f i c a t i o n
1 78 78-0463 CSH6 Benzene
2- 128 128-0609 C10H8 N aphthalene
3 152 152-0610 G12H8 A cenaph tha lene
4 178 178-0784 C14H10 Phenan th rene  /  A nthracene
5 202 202-0777 c! 6 hio Pyrene  /  F lu o ra n th e n e
6 228 228-0954 C18H1'2 Chrysene /  B en zan th racen es
7 252 252-0940 C2OHI 0 Benzopyrenes
8 276 276*0942 C22H12 D ib e n z o f lu o ra n th e n e s
9 350 350-1112 C28HI4 Benzocoronene
10 400 400-1248 C32H16 Dibenzocoronene
TABLE 2 .4
S e r i a l
Nominal
Mass
A ccura te
Mass
E lem en ta l
Formulae I d e n t i f i c a t i o n
1 84 84*0029 " W
Thiophene
2> 134 134-0191 w B enzoth iophene
3 184 184-0350 CI 2 H8S B ib en zo th io p h en es
4 208 208*0345 W T r ib e n z 0th io p h e n e s
5 234 234-0499 CI 6H10S Napht hen pben z 01 h i  ophene s
6 258 258*0509 CX8tti o S
7 282 282*0496 C20HI 0S
8 284 284-0665 C20H12S D in ap h th en o th io p h en es
9 308 308*0657 C22HI 2 S
10 332 332-0671 C24H12S
2 .8
11 358 358*0807 C26H14S
12 364 364*0385 C24H12S2
13 380 380-0662 C25H16S2
14 382 382-0809 °28H14S
15 390 390-0552 C26H14S2
1& 404 ' 404-0693 C27Hl6?2
17 4 0 6 : 406*0857 C27Hl 8 S2
18 408 408*1022 C27H2 0 S2
19 412 412*O413 C'25H16S3
20 414 414*0557 C2 8 H14S2^
21 424 424*1300 C28H2 4 S2 °r  ° 31^2 0S
22 430 430*0820 C29H18S2
23 432 432*0983 C32H16S o r  C29H2 0 S2
24 436 436*0418 C27H16S3
25 438 438*0574 C28H16S3
26 454 454*0841 C31Hl 8 S2 o r  C28H2 2 S3
27 456 4 5 6 •0994 C31H2 0 S2 o r  C2 8 H24S3
28 462 462*0531 C29a i 8 S3
MASS-* BALANCES
2 .1 9  The t e s t  r e s u l t  f o r  an o v e r a l l  m a s s -b a la n c e , t h a t  i s  i n c lu d in g  
u n re a c te d  th io p h e n e  was 93*8$. A l l  th e  m ass -b a lan ce  measurem ents were 
made a t  a te m p e ra tu re  o f  1170K and a r e s id e n c e  tim e of 28*3 seconds*
The m a ss -b a la n c e s  were c a l c u l a t e d  in  th e  f o l l o w i n g  way:
a .  A b a la n c e  based  on- carbon o n ly  accoun ted  f o r  82-7/6 of th e  
th io p h en e*  T h is  d e f i c i t  was ex p ec te d  s in c e  th e  r e a c t i o n  v e s s e l  was 
co a ted  in  carbon  w hich could n o t  be r e c o v e r e d .
b .  A b a la n c e  based  on s u lp h u r  accoun ted  f o r  90*4^ o f - t h e  th io p h e n e  
(se e  T ab le  2*5&)*
cv A combined hydrogen and s u lp h u r  b a lan c e  (see  T able  2.5"b) a cco u n ted  
f o r  93*856 of th e  th io p h e n e .  The hydrogen c o n ta in e d  in  th e  r i n g  
f i s s i o n  p r o d u c t s , s u c h  as m ethane , benzene etc^w as used  t o  e s t i m a te  
th e  p e rc e n ta g e  o f  th io p h en e  which underw ent r i n g  f i s s i o n *  This  
p e rc e n ta g e  was th e n  combined w i th  th e  p e rc e n ta g e  y i e l d s  o f  b en zo -
2 .9
p r o d u c ts  c o n ta in  unbroken th io p h e n e  r i n g s .
TABLE 2 .5 a
P roduct P e rc e n tag e  Thiophene 
Accounted For
Thiophene 52-0
Hydrogen Su lph ide 4*8
Carbon B isu lp h id e 18*4
B ith io p h e n es 7*8
Benzoth iophene 6*5
P h e n y lth io p h e n e s 1*1
TOTAL 90-4
TABLE 2 .5 b
P ro d u c t P e rc e n ta g e  Thiophene 
Accounted For
Thiophene 52*0
Ring F i s s i o n 26*4
B ith io p h e n es 7*8
B enzoth iophene 6-5
P h e n y lth io p h e n e s 1*1
TOTAL 93*8
2 .2 0  T ab le  2 .6  shows th e  y i e l d s  o f  th e  p r i n c i p a l  p ro d u c ts  a t  1L07K 
w ith  a  r e s id e n c e  tim e of 28-3  s e c o n d s .  The y i e l d s  a re  based  on th e  
amount of th io p h e n e  r e a c t e d , t h a t  i s  th e  t o t a l  amount of th io p h e n e  used  
minus th e  amount r e c o v e r e d .
2.10
P ro d u c t Yield in  Moles /  Mole 
of Thiophene
Hydrogen 0*274
Methane 0*125
A c e ty len e 0*015
Hydrogen Sulph ide 0*100
Carbon D isu lp h id e 0*190
1 , 3- B u tad iene 0*061
Benzene 0*050
N aphthalene 0*030
B enzoth iophene 0*135
P h e n y lth io p h e n e s 0-023
B ith io p h e n es 0*082
PRODUCT CONCENTRATION VS TIME
2.21  The g rap h s  o b ta in e d  by p l o t t i n g  p ro d u c t  c o n c e n t r a t i o n  vs r e s id e n c e  
t i m e , a t  1 1 3 3 K ,fe l l  intro t h r e e  c a t e g o r i e s i
a .  P ro d u c ts  which showed no in te r m e d ia te  c h a r a c t e r i s t i c s ; w h o s e  y i e l d  
i n c re a s e d  s t e a d i l y  w i th  i n c r e a s i n g  r e s id e n c e  t im e .  These were h y d rogen , 
me th a n e ,  hydrogen s u lp h id e  and ca rb o n  d i s u l p h i d e .  F ig  2 . 5 ( a )  shows haw *' 
th e  n o rm a liz e d  y i e l d  ( t h a t  i s  th e  y i e ld  as a  p e rc e n ta g e  of th e  maximum 
measured y i e l d  of each  p r o d u c t ) of th e s e  p ro d u c ts  v a r i e d  w i th  r e s id e n c e  
t im e .
b .  P ro d u c ts  which showed some in te r m e d ia te  b e h a v io u r .  These were a c e t y ­
le n e ,b e n z e n e  and b u ta d ie n e .  F ig  2 . 5 ( b )  shows how th e  n o rm a liz e d  y i e l d  
(see  a b o v e)  of th e s e  p ro d u c ts  v a r i e d  w i th  r e s id e n c e  t im e .
c .  P ro d u c ts  which a re  i n t e r m e d i a t e s .  These were n a p h th a l e n e ,b e n z o th io — 
p h e n e ,p h e n y l th io p h e n e  and th e  b i th io p h e n e s .  F ig s  2 . 5 ( c )  and (d )  show how 
th e  y i e l d  of th e s e  p ro d u c ts  (measured as a GLC peak  a r e a )  v a r i e d  w i th  
r e s id e n c e  t im e .
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FIG 2 , 5 ( a )  PLOTS OF NORMALIZED YIELD VS RESIDENCE TIME FOR FINAL PRODUCTS
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FIG 2 . 3 ( b )  PLOTS OF NORMALIZED YIELD VS RESIDENCE TIME FOR SEMI-
INTERMEDIATE PRODUCTS
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FIG 2 . 5 ( c )  BITHIOPHENE YIELD VS RESIDENCE TIME
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2 ,22  The m a jo r i t y  of th e  r e a c t i o n  p ro d u c ts  gave in c re a s e d  y i e l d s  w i th  
i n c r e a s i n g  t e m p e ra tu re ,h o w e v e r , th e  b i th io p h e n e s  and b en zo th iophene  gave 
d i f f e r e n t  r e s u l t s .  F ig  2 .6  i s  a p l o t  of th e  p e rc e n ta g e  c o m p o s i t io n  of 
th e  t h r e e  p r i n c i p a l  i n v o l a t i l e  p r o d u c ts  n a p h th a le n e ,b e n z o th io p h e n e  and 
th e  b i th io p h e n e s  vs te m p e ra tu re  f o r  th e  te m p e ra tu re  range  987-1227K 
and a c o n s ta n t  r e s id e n c e  tim e of 6*5 sec o n d s .
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FIG 2 .6  PERCENTAGE COMPOSITION OF INVOLATILE PRODUCTS VS TEMPERATURE
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At low te m p e ra tu re s  th e  b i th io p h e n e s  p r e d o m in a te , th e n  as  th e  te m p e ra tu re  
r i s e s  t h e i r  y i e ld  r a p i d l y  f a l l s  t o  z e ro  and th e  b en zo th io p h en e  y i e ld  
i n c r e a s e s  t o  a maximum a t  abou t 1160K. The n a p h th a le n e  y i e l d  i s  t y p i c a l  of 
th e  f i n a l  p ro d u c ts  of th e  r e a c t i o n  in  t h a t  i t  c o n t in u e s  i n c r e a s i n g  w i th  
i n c r e a s i n g  tem p e ra tu re*
2 .1 4
REACTION PRODUCTS.
2 .2 3  The r e a c t i o n  has a l a r g e  number of p r o d u c t s , i n  factL th e  more 
c l o s e l y  th e  p ro d u c t  m ix tu re  i s  examined th e  more new p ro d u c ts  a re  
i d e n t i f i e d .  I t  would be im p o ss ib le  to  accoun t f o r  a l l  o f th e  p ro d u c ts  
k i n e t i c a l l y  and m e c h a n i s t i c a l l y  s in c e  t h i s  would in v o lv e  a scheme of 
pe rh ap s  hundreds  of r e a c t i o n s .  I t  was t h e r e f o r e  d ec id ed  t o  c o n c e n t r a te  
a l l  f u r t h u r  measurements on th e  p r i n c i p a l  p ro d u c ts  of th e  r e a c t i o n  
g iv en  in  T ab le  2 , 6 ,  These p ro d u c ts  can be d iv id e d  i n t o  two d i s t i n c t  
c a t a g o r i e s s
a;. Those p ro d u c ts  which o r i g i n a t e  from  f i s s i o n  of th e  th io p h e n e  
r i n g  su ch  as methane and carbon  d i s u l p h i d e , o r , f ro m  th e  r e a c t i o n  of 
a r i n g  f i s s i o n  p ro d u c t  w ith  th io p h e n e  such  as b e n z o th io p h e n e ,
b .  Hydrogen and th e  b i th io p h e n e s  which may o r i g i n a t e  from  th e  
d i m e r i z a t i o n  r e a c t i o n  2 .1 .
2 .2 4  Combining th e  above argument w i th  th e  r e s u l t s  from  th e  g rap h  of
o v e r a l l  r e a c t i o n  can be approx im ated  t o  two s e p a r a t e  r e a c t i o n s :
a ,  A d im e r i z a t i o n  r e a c t i o n  p ro d u c in g  b i th io p h e n e s  and hydrogen 
which p re d o m in a te s  a t  low er te m p e ra tu re s  t h a t  i s  below lOOOK^
b . A r i n g  f i s s i o n  r e a c t i o n  which p red o m in a te s  above 1000K which 
a c c o u n ts  f o r  th e  rem a in d e r  of th e  observed  p ro d u c ts , .
p ro d u c t  c o n c e n t r a t i o n  vs te m p e ra tu re  (P ig  2 . 6 ) , i t  would a p p e a r  t h a t  th e
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d i s u lp h id e  a re  d e s ig n a te d  as  A ,th e  s e m i - in te r m e d ia t e  p ro d u c ts  such  as 
benzene B ,th e  in te r m e d ia te  p ro d u c ts  such  as th e  b i th io p h e n e s  as C and 
th e  h ig h  m o le c u la r  w e igh t p ro d u c ts  found in  th e  p y r o l y t i c  carbons  as 
D,E,F. e t c , t h e n  two p o s s i b l e  r e a c t i o n  schemes s u g g e s t  th e m se lv e s :
a .  A scheme where p ro d u c ts  o f  th e  type  C and D p y ro ly s e  t o  s m a l l e r  
m o lecu les  a t  lo n g  r e s id e n c e  t i m e s , a f t e r  t h e i r  i n i t i a l  fo rm a t io n  by 
r e a c t i o n s  between m o lecu les  o f  th e  type  B and th io p h e n e .  This  i s  
summarized in  F ig  2 . 7 .
Thiophene
B or th io p h en e B or th io p h e n e
Carbon
FIG 2 .7
This  scheme would acco u n t f o r  th e  in te r m e d ia te  b e h av io u r  of th e  
p ro d u c ts  and th e  h ig h  y i e l d s  of type  A p r o d u c t s .  However i t  does 
n o t  p r e d i c t  h igh  y i e l d s  of type  D p r o d u c ts .
b . An a l t e r n a t i v e  scheme is  t h a t  where p ro d u c ts  of th e  ty p e  C and 
D a re  formed as b e fo re  b u t  a t  lo n g e r  r e s id e n c e  t im es  in s 'tead  of 
p y ro ly s in g  th e y  r e a c t  f u r t h e r  w ith  ty p e  B p ro d u c ts  or th io p h e n e  to  
produce  even  h ig h e r  m o le c u la r  w e igh t p r o d u c ts .  T h is  i s  summarized 
in  F ig  2 . 8 .
Thiophene ------------------- A
B or th io p h e n e  B o r th io p h e n e  B o r th io p h en e  
B  ►- C  I ) --------------------   ► E e t c  —♦•Carbon
FIG 2 .8
This scheme a l s o  a c c o u n ts  f o r  th e  in te r m e d ia te  b e h a v io u r  of th e  
p ro d u c ts  b u t  p r e d i c t s  low er y i e l d s  o f  type  A p ro d u c ts  and h ig h e r
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MASS-BALANCES
2 .2 6  The m ass -b a lan ce  based  on s u lp h u r  showed a. d e f i c i t ,  o f  10$6,part of 
which was p ro b a b ly  due t o  e x p e r im e n ta l  e r ro r*  The o n ly  s u lp h u r  compounds 
i d e n t i f i e d  as  p ro d u c ts  b u t  n o t  e s t im a te d  q u a n t i t a t i v e l y  were th o se  p ro d u c ts  
found in  th e  p y r o l y t i c  carbon  (see  T able  2 * 4 ) ,  I t  i s  p o s s i b l e  t h a t  th e s e  
p ro d u c ts  may acco u n t f o r  th e  m is s in g  s u lp h u r .
2 .2 7  I f  i t  i s  assumed t h a t  th e  amount of th io p h en e  which has  undergone r i n g  
f i s s i o n  can be measured by th e  y i e l d s  of hydrogen s u lp h id e  and carbon  d i s u l ­
p h id e ,  th e n  80$ of th e  s u lp h u r  from  r i n g  f i s s i o n  appea rs  as  ca rb o n  d i s u lp h id e  
The f r e e  en e rg y  of r e a c t i o n  2 .2  i s  more n e g a t iv e  th a n  t h a t  f o r  r e a c t i o n  2.3> 
so  t h a t  th e  e q u i l i b r iu m  f o r  r e a c t i o n  2 .4  shou ld  l i e  on th e  r i g h t  hand s i d e .
2C4H4 S = 8 0 ( g r a p h i t e ) +i2S2 S + 2H2 A g 1 1 7 ° =  - 602 S ^ m c le " 1 - 2 .2
2C4H4 S =  7C( g r a p h i t e ) + CS2 + 4H2 A g117°=  - 5 6°  T ^ o l e " 1 - 2 . 3
The d i f f e r e n c e  between r e a c t i o n s  2 .2  and 2 .3  i s  r e a c t i o n  2 .4*
CS2 + 2H2 = 2H2-S + C( g r a p h i t e  } ’ A G 117°=  -41  SkJmole"1 - 2 . 4
I f  r e a c t i o n  2 .4  re a c h e s  e q u i l ib r iu m  i t  i s  p o s s ib l e  t o  c a l c u l a t e  th e  e q u i ­
l ib r iu m  c o n c e n t r a t i o n s .  Under t y p i c a l  e x p e r im e n ta l  c o n d i t io n s  th e  r a t i o  
[CS^l/tH^S] =  l*35»so  t h a t  carbon  d i s u lp h id e  would be in  e x c e s s  even though 
th e  r i g h t  hand s id e  of e q u a t io n  2 .4  appea rs  to  be f a v o u re d .  I t  was indeed  
found t o  be in  ex cess  b u t  th e  e x i s t e n c e  of in te r m e d ia te  p ro d u c ts  shows t h a t  
thermodynamic e q u i l ib r iu m  had n o t  been a c h ie v e d .
KINETIC MEASUREMENTS
2 .2 8  Based on th e  above r e s u l t s  and d i s c u s s io n  i t  was d e c id e d  t o  a t te m p t  to  
measure th e  f o l l o w in g  k i n e t i c  d a t a :
a .  The r a t e  of d is a p p e a ra n c e  of th io p h e n e .
of th e  p o s s i b i l i t y  of r e a c t i o n  2*1'.
c .  The ra te  of e v o lu tio n  of m eth a n e ,a cety len e ,n a p h th a len e,b en zo ­
th iophene and phenylthiophene- s in c e  th ey  must be connected in  some 
way to  r in g  f i s s i o n .
Hydrogen su lp h id e  and carbon d isu lp h id e  were ignored because t h e ir  p o la r  
nature and r e a c t iv i t y  made th e ir  sam pling and q u a n tita t iv e  a n a ly s is  by 
GLC d i f f i c u l t .  Butadiene and benzene were ignored because th e ir  v o l a t i l e  
nature and low y ie ld s  made the co n cen tra tio n  o f s u f f i c i e n t  product fo r  
a n a ly s is  d i f f i c u l t .
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HATE MEASUREMENTS ON FLOW APPARATUS
INTRODUCTION
3*1: The aim of th e s e  e x p e r im en ts  was as f o l lo w s :
a .  To measure th e  r a t e  o f  d is a p p e a ra n c e  of th io p h e n e . .
b .  To measure th e  r a t e  of e v o lu t io n  o f  n a p h th a le n e ,b e n z o th io p h e n e ,  
p h e n y l th io p h e n e  and th e  b i th io p h e n e s . .
No a t te m p t  was made t o  measure th e  r a t e  of e v o lu t io n  of hydrogen*, 
methane o r a c e ty le n e  s in c e  th e  a p p a ra tu s  was n o t  as  w e l l  s u i t e d  t o  
th e s e  measurements as  th e  s t a t i c  a p p a ra tu s  d e s c r ib e d  in  C hap ter  4U
EXPERIMENTAL
APPARATUS
3 .2  The a p p a ra tu s  was as d e s c r ib e d  in  C hap te r  2 w ith  th e  e x c e p t io n  of 
th e  r e a c t i o n  v e s s e l .  The new v e s s e l  was c y l i n d r i c a l , c o n s t r u c t e d  of q u a r t  
w i th  arms made of 2mm i . d .  q u a r t z  tu b in g .  The volume o f th e  v e s s e l  was 
198«4cm^ and t h a t  of th e  arms 2cm^^hence th e  dead v?olume (or* s p a c e )  was 
a p p ro x im a te ly  1$. The i n l e t  arm e n te r e d  th e  main body of th e  reac t io n *  
v e s s e l  a t  an a n g le  of a p p ro x im a te ly  90 d e g re e s  to  th e  h o r i z o n t a l  as 
shown in  F ig  3.1* T h is  was done t o  ensu re  t h a t  p i s to n  o r  p lu g  f lo w  and 
n o t  j e t  f low  of th e  r e a c t a n t  o c cu red .
FIG 3 .1  DETAIL OF JUNCTION OF INLET ARM AND REACTION VESSEL
a chrom e1-alum el therm ocouple  and a d i g i t a l  v o l tm e te r*
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3 .4  The gaseous s t r e a m  was sampled b e fo re  e n t e r i n g  and a f t e r  l e a v i n g  th e
3
r e a c t i o n  v e s s e l  v i a  s i l i c o n e  ru b b e r  s e p t a  w i th  a 2» 5cm Ham ilton gas
y,
sy r in g e #  The th io p h e n e  was a n a ly s e d -b y  d i r e c t  i n j e c t i o n  of 2cmi' o f  th e  
i n l e t  o r  e x i t  g a se s  on to  a GLC column u nder  th e  c o n d i t io n s  g iv en  in  
s e r i a l  2 of Table  1 Appendix 2#
3 .5  The i n v o l a t i l e  p ro d u c ts  were condensed in  a t r a p  a t t a c h e d  t o  th e  
e x i t  arm of th e  r e a c t i o n  v e s s e l  where i t  emerged from  th e  fu r n a c e  and 
cooled  w i th  c a r d i c e .  The i n v o l a t i l e  p ro d u c ts  in  th e  t r a p  were re c o v e re d  
q u a n t i t a t i v e l y  in  th e  fo l lo w in g  way: The t r a p , c o n t a i n i n g  th e  p r o d u c t s ,  
was th o ro u g h ly  washed w ith  d i e t h y l e t h e r  and th e  e t h e r  w ashings concen­
t r a t e d  in  th e  bo ttom  of th e  t r a p .  A f te r  th e  e t h e r  had e v a p o ra te d  th e  
c o n te n t s  of th e  t r a p  were washed w i th  e th a n o l  i n t o  a  5cm^ g ra d u a te d  
f l a s k  and made up t o  th e  mark. Th is  s o l u t i o n  was th e n  a n a ly s e d  u n d e r  th e  
c o n d i t io n s  g iv e n  in  s e r i a l  1 Table  1 Appendix 2 ,  The ch rom atograph  was 
c a l i b r a t e d  u s in g  th e  i n t e r n a l  s ta n d a rd  method (see  Appendix 2)#.
3*2
3*6 Heat T r a n s f e r  E r r o r s , Mulcahy ( l a )  has sh o w n ,th a t  as  a rough r u l e ,
f o r  th e  r e a c t i o n  o f  an o rg a n ic  v a p o u r , i f  th e  e r r o r  in  th e  measured r a t e
c o n s ta n t  k (a p p )  i s  t o  be l e s s  th a n  10$ th e n  th e  q u a n t i t y  t /R  P must be
—2 —1g r e a t e r  th a n  abou t 0*05scm T o rr  , where t  i s  th e  c o n ta c t  ( r e s id e n c e )  
tim e in  seco n d s ,R  th e  r a d iu s  of th e  r e a c t i o n  v e s s e l  in  cm and P th e  
p r e s s u r e  o f  th e  r e a c t a n t  in  - to r r .  S u b s t i t u t i n g  a t y p i c a l  v a lu e  of 20 tto rr
f o r  P g iv e s  th e  r e s u l t  t h a t  t  must be g r e a t e r  th an  4*2 s e c o n d s -
3*7 Mass T r a n s f e r  E r r o r s . The assum ption  t h a t  a l l  th e  r e a c t a n t  m o lecu les  
spend th e  same tim e  in  th e  r e a c t i o n  v e s s e l  im p l ie s  t h a t  th e y  move th ro u g h
i t  by s im p le  p i s t o n  o r  p lu g  f lo w .  R e a c ta n t s  e n t e r i n g  th e  r e a c t i o n  v e s s e l
from a. narrow  s i d e  arm ten d  to  form  a  j e t  l e a v in g  an a n n u la r  r e g io n  of 
r e l a t i v e l y  s t a g n a n t  gas n e a r  th e  w a l ls  of th e  v e s s e l .  T h is  e f f e c t  i s  
reduced  by e n s u r in g  t h a t  th e  r e a c t a n t s  e n t e r  th e  v e s s e l  a t  an an g le  t o  
i t s  a x i s .  As a rough  r u l e  ( i b ) ^ f o r  a. f i r s t —o rd e r  r e a c t i o n , f o r  th e  e r r o r
i n  k (a p p )  t o  be l e s s  than  10$ in  ex p e r im en ts  in v o lv in g  up to  25$ r e a c t i o n ,
2 —2 1 th e  e x p e r im e n ta l  c o n d i t io n s  sh o u ld  be such  t h a t  t / L  P <C 0»005scm"’ T o rr^
where L i s  the  l e n g th  of th e  r e a c t i o n  v e s s e l  in  cm. F o r  th e  r e a c t i o n
v e s s e l  used t  sh o u ld  t h e r e f o r e  be l e s s  th a n  22*5 s e c o n d s ,
EXPERIMENTS
3*8 The R ate  o f  D isappearance  of T h iophene , The fu rn a c e  was a llow ed  to  
come t o  e q u i l i b r iu m  to  th e  r e q u i r e d  te m p e ra tu re  o v e r n ig h t .  A p prox im a te ly  
10cm^ of th io p h e n e  was p laced  in  th e  s a t u r a t o r .  The c a r r i e r  gas was th e n  
tu rn e d  on and s e t  a t  th e  r e q u i r e d  f low  r a t e  measured on a r o t a m e te r , .
A f te r  a l lo w in g  t e n  m inutes  f o r  th e  system  t o  come t o  e q u i l i b r iu m  th e  
i n l e t  c o n c e n t r a t i o n  of th e  th io p h e n e  was measured,. While th e  GLC a n a l y s i s  
was in  p ro g r e s s  th e  f low  r a t e  o f  th e  c a r r i e r  gas was a c c u r a t e l y  m easured 
a t  th e  e x i t  end o f th e  a p p a ra tu s  w i th  a  bubb le  f lo w m e te r .  The e x i t  con­
c e n t r a t i o n  of th e  th io p h en e  was th e n  m easured . S ev e ra l  measurem ents were 
made a t  e ach  f low  r a t e , a n d  a t  l e a s t  f i v e  d i f f e r e n t  f lo w  r a t e s  were t r i e d  
a t  each  t e m p e r a tu r e .  The te m p e ra tu re  of th e  f u r n a c e  was th e n  changed and 
th e  whole p ro c e s s  r e p e a te d . .
3*9 The R ate  of E v o lu t io n  of I n v o l a t i l e  P r o d u c t s . E x a c t ly  5cm of t h i o ­
phene was p i p e t t e d  i n t o  the  s a t u r a t o r  and th e  s a t u r a t o r  w eighed . The
3 —Ic a r r i e r  g a s , a t  a  f lo w  r a t e  of 8*333cra s , was th en  p a sse d  th ro u g h  th e
as d e s c r ib e d  in  p a ra g ra p h  3* 5* The s a t u r a t o r  was th e n  weighed a g a in  to  
d e te rm in e  th e  amount of th io p h e n e  used* The p ro ceed u re  was c a r r i e d  out a t  
s e v e r a l  d i f f e r e n t  t e m p e r a t u r e s ,o n ly  one r e s id e n c e  tim e b e in g  used a t  each 
te m p e ra tu re  s in c e  th e s e  were s h o r t  enough to  s a t i s f y  i n i t i a l  r a t e  
c o n d i t i o n s .
RESULTS
THE RATE OF DISAPPEARANCE OF THIOPHENE
3*10 The v a r i a t i o n  of r e a c t i o n  r a t e  w i th  i n i t i a l  c o n c e n t r a t i o n  of th io p h e n e  
was n o t  d e te rm in e d  on t h i s  a p p a r a tu s  because  of th e  d i f f i c u l t i e s  in  v a ry in g  
th e  i n l e t  c o n c e n t r a t i o n  of th e  th io p h e n e ,a n d  in s t e a d  was d e te rm in ed  on th e  
s t a t i c  a p p a r a tu s  (see  C hap te r  4)* Evidence f o r  f i r s t - o r d e r  b e h a v io u r  from  
th e  work on th e  flow  a p p a ra tu s  was t h a t  p l o t s  of l n ( [ a] / [ a] 0 )*where [A]0 i s  
th e  i n l e t  c o n c e n t r a t i o n  and [a] th e  e x i t  c o n c e n t r a t io n  o f  th io p h e n e * v s  tim e 
gave s t r a i g h t  l i n e s  p a s s in g  th ro u g h  th e  o r i g i n .  P ig  3 .3  shows th e s e  p l o t s *  
Table  3 .1  g iv e s  a< summary of th e  k i n e t i c  d a t a  and P ig  3*4 i s  th e  A rrh en iu s  
p l o t  o b ta in e d  from th e  r a t e  c o n s t a n t s .
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F i r s t  Order R ate  Con­
s t a n t  (k )  s e c r^
Tem perature
K
In k I'/T X 10* K '1’
0-005957 (a ) 1128 -5*1232 8-865
0 -008352 ' 1148 -4 -7852 8-711
0 -01462 ' 116? -4 -2254 8-568
0-01689 1173 - 4 - 08 l 2> 8 .5 2 5
0-04478 1200 -3 -1 0 5 9 8-333
0-09124 1233- -2*3942 8-110
N ote: ( a )  measured under i n i t i a l  r a t e  c o n d i t io n s
11502
CORRELATION -0*993
SLOPE - 3 8 0 6 2  
INTERCEPT 28-A89
E= 316*6 kJ mole
12*37
A= 10 sec
6
8*0 8*5 8*9
FIG 3 .4  ARRHENIUS PLOT FOR THIOPHENE DISAPPEARANCE 1128 TO ~I2;333C
3.5
3 . 1 !  I n i t i a l  r e a c t i o n  r a t e s  a t  a number of te m p e ra tu re s  were m easured.
A dependence on th io p h e n e  of t h r e e  h a lv e s - o r d e r  f o r  th e  b i th io p h e n e s  and 
f i r s t - o r d e r  f o r  th e  o th e r  p ro d u c ts  was assumed ,-the j u s t i f i c a t i o n  f o r  
t h i s  i s  g iv e n  in  th e  d i s c u s s i o n  of th e  mechanism of th e  r e a c t i o n  in  
C hap ter  5* Table  3*2 shows th e  r e s u l t s .  The y i e l d s  of n a p h th a le n e  and 
b en zo th io p h en e  in  s e r i a l s  1 ,2  and 3 and th e  p h e n y l th io p h e n e s  in  s e r i a l  l r  
were so  low t h a t  t h e i r  c o n c e n t r a t io n s  could  n o t  be measured.- Im s e r i a l s  
8 and 9 d e s p i t e  in c r e a s e d  te m p e ra tu re  the  y i e l d  of b i th io p h e n e s  s t a r t e d  
t o  d e c r e a s e .  F ig s  3*5 t o  3 . 7 show th e  A rrh en iu s  p l o t s  o b ta in e d  from  th e  
r e s u l t s  in  Table  3 .2 .  T ab le  3*3 summarizes th e  p r e - e x p o n e n t i a l  f a c t o r s  
and a c t i v a t i o n  e n e r g i e s  o b ta in e d .
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FIG 3 .5  ARRHEUIUS PLOT FOE THE EVOLUTION OF BITHIOPHENES 86& TO 966'g
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TABLE 3 .3
S e r i a l P roduct E kJmol"1 logA Tem perature  
Range K
C b r r e l a t i o n
C o e f f i c i e n t
1 B ith io p h e n es 216-3 9*53 866-966 - 0 -9981'
2 2 , 2 ' - h i t h io p h e n e 262-1 11*55 866—922 -0-9996?
3 206 • 8 8-72 866-922 -0 -9 9 9 2
4 3 , 3 ‘- 245*4 10-56 866-922 - O .9999
5 N aph thalene 341*2' 14*24 922-1002 - O . 998O
6> B enzoth iophene 386-2 17-04: 922-1002 -0*9970
7 P h e n y lth io p h e n e s 440-3 20-20 893-922 -0 -9 9 9 7
3.8
- 9
UJz
UJXao
xi- -10
t—uXDOaa. □ BEN20TH10PHENE
C o  NAPHTHALENE
PHENYLTHIOPHENE
-1 2
-1 3
1-0 1*1
1 /T * 1 0 3 k' 1
FIG 3 .7  ARRHENIUS PLOT FOE THE EVOLUTION OF BENZOTHIOPHENE AND 
NAPHTHALENE (922-1002K) AND PHENYLTHIOPHENES (893-1002%)
DISCUSSION
3.12 A d e t a i l e d  d i s c u s s i o n  of th e  p o s s i b l e  mechanisms in v o lv ed  w i l l  be 
d e lay ed  u n t i l  C hap ter  5 in: o rd e r  t h a t  th e  r e s u l t s  from  b o th  th e  f lo w  and 
s t a t i c  a p p a r a tu s e s  can be compared.
THE RATE OF THIOPHENE DISAPPEARANCE
3.13  The e x p e r im e n ta l  r e s u l t s  i n d i c a t e  t h a t  th e  measured r a t e  c o r re sp o n d s  
t o  th e  f i s s i o n  of th e  th io p h e n e  r i n g  v i a  a f r e e - r a d i c a l  c h a in  mechanism,, 
f o r  th e  fo l l o w in g  r e a s o n s :
a* The te m p e ra tu re  r e g io n  in  which th e  measurements were m ade,as
3 .9
i s  c o n s id e r a b ly  h ig h e r  th a n  t h a t  in  which th e  d im e r i s a t i o n  r e a c t i o n  
p re d o m in a te s .  C on seq u en tly  th e  p redom inan t r e a c t i o n  must be r i n g  
f i s s i o n ,
b .  The l i n e a r i t y  of th e  A rrh en iu s  p l o t  i n d i c a t e s  t h a t  one p ro c e ss  
i s  o c c u r in g  p re d o m in a n t iy  over th e  te m p e ra tu re  r a n g e .
c .  The r i n g  f i s s i o n  r e a c t i o n  canno t be a: s im p le  u n im o le c u la r  r e a c t i o n  
b e ca u se :
i .  The p r e - e x p o n e n t i a l  f a c t o r  i s  to o  low. From t r a n s i t i o n  s t a t e  
th e o r y  th e  p r e - e x p o n e n t i a l  f a c t o r  i s  g iv en  by th e  e x p r e s s io n  
ekT/h' e x p (A S * /R )  where k ,T ,h  and A  S5^  a re  th e  IBoltzmann c o n s ta n t^  
th e  t e m p e r a tu r e ,  P la n c k ’s c o n s ta n t  .and the. e n t ro p y  change in v o lv ed  
in  th e  r e a c t a n t s  making th e  t r a n s i t i o n  s t a t e  r e s p e c t i v e l y .  I f
A S  i s  zero ( i . e . .  the worst case) then at 1000K logA =  I3*75~
Since the measured value of logA i s  12*37 th is  in d ica tes  that:,
"-t-A S  i s  n e g a t i v e .  However f o r  a  s im p le  r i n g  f i s s i o n  r e a c t i o n  
th e r e  must be an in c re a s e  in  e n t ro p y  in  g o ing  from  th e  r i n g  to  
th e  more d i s o r d e r e d  t r a n s i t i o n  s t a t e , h e n c e  s h o u ld  be pos­
i t i v e .
i i .  The a c t i v a t i o n  en erg y  f o r  a s im p le  u n im o le c u la r  f i s s i o n  of 
th e  th io p h e n e  r i n g  w i l l  be th e  e n erg y  r e q u i r e d  to  b re a k  open th e  
r i n g .  T h is  i s  n o t  known b u t  i t  i s  p o s s i b l e  t o  e s t i m a te  i t  by 
assum ing t h a t  i t  i s  th e  sum o f  th e  c a r b o n - s u lp h u r  bond en erg y  
and th e  d e l o c a l i s a t i o n  en e rg y  of th io p h e n e .  A pproxim ating  th e  
c a rb o n —s u lp h u r  bond en e rg y  to  t h a t  found in  a l i p h a t i c :  m o lecu les  
g iv e s  a  v a lu e  of 293kJmole The d e l o c a l i s a t i o n  e n e rg y  i s  
125*5kJmoIe""^ (2 ) whence E 4T8*5kJmolie ^ ftth e  m easured v a lu e  i s  
a p p ro x im a te ly  lOOkJmole to o  low. T h is  s u g g e s ts  a  f r e e —r a d i c a l  
p ro c e s s . .
THE RATE OF EVOLUTION OF INVOLATILE PRODUCTS
3>14- B i th io p h e n e s . The p r e - e x p o n e n t i a l  f a c t o r  and a c t i v a t i o n ,  en e rg y  f o r  
th e  e v o lu t io n  of th e  b i th io p h e n e s  w i l l  be d i s c u s s e d  in  C hap ter  5.- The 
d i f f e r e n c e  in  p r e - e x p o n e n t i a l  f a c t o r s  and a c t i v a t i o n  e n e r g i e s  f o r  th e  
i n d iv id u a l  b i th io p h e n e  isom ers  i s  i n t e r e s t i n g .  A p o s s ib l e  e x p la i n a t io m
3.10
formed by th e  r e a c t i o n  of a  t h i e n y l  r a d i c a l  (C^H-^S ) w i th  a  th io p h en e  
m o lecu le ,  th e  s t r u c t u r e  of th e  t r a n s i t i o n  s t a t e s  w i l l  he as  shown in: 
P ig  3*8,
7^£ji TJ-fi rr1-1
H'' 5H
2 3 - 3.3~
FIG 3*8 STRUCTURE OP BITHIOPHENE TRANSITION STATES
E xam ina tion  of s im p le  m o le c u la r  models shows t h a t  th e  crow ding due to  
th e  d e p a r t i n g  hydrogen a to m 's  e lo n g a te d  ca rb o n -h y d ro g e n  bond* i s  of th e  
o rd e r  2 ,2  ' — 3>3 * — >  2 , .3 f—• T h is  i s  a l s o  th e  o rd e r  th e  a c t i v a t i o n
e n e r g i e s , s u g g e s t in g  t h a t  th e  more crowded th e  t r a n s i t i o n  s t a t e  th e  
h ig h e r  th e  a c t i v a t i o n  e n e rg y .  The p r e - e x p o n e n t i a l  f a c t o r s  a r e  in  th e  
o p p o s i te  o r d e r , i n d i c a t i n g  t h a t  th e  2 , 2 ' — and 3 , 3 ' -  isom ers  have th e  l e a s t , ,  
and th e  2 , 3 * -  isom er th e  most o rd e re d  t r a n s i t i o n  s t a t e .  T h is  in  t u r n  in d ­
i c a t e s  t h a t  th e  p a r t i a l l y  formed c a rb o n -ca rb o n  bond i s  l o n g e s t  in  th e  
2 , 2 ' -  and 3 , 3 ' -  isom ers  and s h o r t e s t  in  th e  2 , 3 ' — isom er where th e  crow­
d in g  i s  l e a s t .
3 .1 5  B en zo th io p h en e ,N ap h th a len e  and Phen.y ith iophene E v o lu t io n .-  The <mr- 
v a tu r e  o f  th e  A rrh e n iu s  p l o t  f o r  pheny l th io p h e n e  s u g g e s t s  t h a t  i t  i s  an 
i n t e r m e d ia t e  o v e r , a t  l e a s t , t h e  te m p e ra tu re  ran g e  935 t o  1002K. A l l  t h r e e  
p ro d u c ts  gave b o th  h ig h  p r e - e x p o n e n t i a l  f a c t o r s  and a c t i v a t i o n  e n e r g i e s ,  
i n d i c a t i n g  t h a t  th e y  a re  a l l  connec ted  i n  some way w i th  r i n g  f i s s i o n .  The 
r e s u l t s  f o r  b en zo th io p h en e  and n a p h th a le n e  w i l l  be d i s c u s s e d  in  C hap te r  5 -
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RATE MEASUREMENTS ON. STATIC APPARATUS
INTRODUCTION
41. I  The aim of th e  ex p e r im en ts  c a r r i e d  out on th e  s t a t i c  a p p a ra tu s  was 
as f o l lo w s !
a .  To measure th e  r a t e  of d is a p p e a ra n c e  o f  th io p h e n e  in  o rd e r  tbos
i .  Confirm th e  r e s u l t s  o b ta in e d  on th e  f low  a p p a ra tu s . ,
i i .  Extend th e  te m p e ra tu re  range o f  th e  r a t e  m easurem en ts .
i i i .  D eterm ine th e  o rd e r  of th e  r e a c t i o n  w i th  r e s p e c t  to  
th io p h e n e .
b .  To measure th e  r a t e  of e v o lu t io n  of hydrogen ,m ethane and a c e t y l e n e .
c .  To d e te rm in e  w h e th er  th e  r e a c t i o n  i s  homogenous o r  h e te ro g e n o u s .
EXPERIMENTAL
APPARATUS *
4*2 F ig  4*1 i s  a  s i m p l i f i e d  d iag ram  of th e  a p p a r a t u s .  I t  c o n s i s t e d  of a: 
t u b u l a r  r e a c t i o n  v e s s e l  mounted i n  a fu r n a c e  and a t t a c h e d  t o  a. vacuum 
l i n e .  A lso  a t t a c h e d  to  th e  vaccum l i n e  were v a r io u s  s to r a g e  g lo b es^ tw o  
h ea ted  m ix ing  v e s s e l s  and a gas sample loop  l e a d i n g  t o  two c h ro m a to g ra p h s .
4*3 F u rn ace  and T em pera ture  C o n t r o l . The f u r n a c e  was t u b u l a r  6lcm lo n g  
and 30cm d ia m e te r  made by C a r b o l i t e  L td .  The f u r n a c e  had t h r e e  w ind ings  
in- s e r i e s  e ach  shun ted  by a r h e o s t a t . .  An even te m p e ra tu re  was ach iev ed  
by  a d j u s t i n g  th e  c u r r e n t  th ro u g h  th e  end w in d in g s .  The te m p e ra tu re  was 
c o n t r o l l e d  t o  w i th in  *1° C-w ith  a  p la tinum : r e s i s t a n c e  the rm om ete r mounted 
in  th e  r e a r  o f  th e  fu r n a c e  and connec ted  t o  an  A .E . I .  RT5 te m p e ra tu re  
c o n t r o l l e r .  The te m p e ra tu re  was measured w i th  a  chrom e1-alum eI the rm o­
coup le  and a  d i g i t a l  v o l tm e te r .  F ig  4 .2  shows th e  te m p e ra tu re  p r o f i l e  o f  
th e  f u r n a c e . 1
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and had one s id e  arm f i t t e d  w i th  a  g l a s s  t o  m e ta l  s e a l  f o r  c o n n ec t io n  t o
th e  vaccum l i n e .  The volume of th e  v e s s e l  was 392*7cm ,and  o f th e  s id e  
3
arm 3*2cm • A second v e s s e l  of s i m i l a r  d im ensions  h u t  packed w i th  q u a r t z  
t u b in g  was used  f o r  t e s t i n g  th e  hom ogeneity  of th e  r e a c t io n ' .
4'. 5 Vaccum L in e . G rease  l e s s  t a p s  were used th ro u g h o u t  th e  a p p a r a tu s .  F o r  
th e  g l a s s  p o r t i o n  of th e  l i n e  t h e s e  were made by J.Young and Co. of' 
Acton;;f o r  th e  m e ta l  p o r t i o n  of th e  l i n e  (e n c lo se d  by d o t t e d  l i n e s  in  F ig  
4 . 1 )  t h e y  were Hoke s e r i e s  4100 s t a i n l e s s  s t e e l  b a p s .  In  d e t a i l ’ th e  app­
a r a tu s  was as  f o l l o w s :
&• The pumping 8ystern c o n s i s t e d  of an Edwards ED75 two s t a g e  r o t a r y  
o i l  pump and an Edwards Speed ivac  E02 s i l i c o n  o i l  d i f f u s i o n  pump in  
s e r i e s .  I t  was p o s s i b l e  to  by—paBs th e  d i f f u s i o n  pump when i n i t i a l l y  
pumping out th e  l i n e .
b .  The vaccum in  th e  l i n e  was measured w ith  a P i r a n i  guage w i th  two 
h e ad s ,o n e  s i t u a t e d  n e x t  t o  th e  d i f f u s i o n  pump and one ate (A ) .  Gas 
p r e s s u r e s  were measured on a n  E .M .I .  ty p e  SEI80 p r e s s u r e  t r a n s d u c e r  
(B) c o n t r o l l e d  by a SE905 c o n v e r t e r  box. The ou tpu t,  was co n n ec ted
t o  a d i g i t a l  v o l t m e t e r .  A m ercury manometer (C) was a l s o  a t t a c h e d  to  
th e  l i n e .
c .  There were two g l a s s  m ixing  v e s s e l s  (d ) and (E) and s e v e r a l 1 g l a s s
s t o r a g e  g lo b es  ( F ) , o f  which o n ly  one i s  shown in  F ig  4 » 1 -  The m ix ing
v e s s e l s  were su rro u n d ed  by a c y l i n d r i c a l  fu r n a c e  and h e a te d  t o  app—
0
r o x im a te ly  200 C to  m inim ize th e  a d s o r p t io n  of th io p h e n e  on t h e i r  
w a l l s .  S i m i l a r ly  a l l  th e  tu b in g  and t a p s  c o n ta in e d  w i th in  th e  d o t t e d  
l i n e s  (see  F ig  4*1]) were h ea ted  t o  a - s i m i l a r  te m p e ra tu re . ,
d .  The d i l u e n t  gas used  was w h ite  s p o t  n i t r o g e n .  T h is  was in t ro d u c e d
i n t o  th e  l i n e  v i a  th e  fu r n a c e  (G). where i t  was p a sse d  o v e r  copper 
0
t u r n i n g s  a t  500 C t o  remove any oxygen-.
e .  Trap (H). was co o led  in  l i q u i d  n i t r o g e n  t o  red u ce  th e  amount o f  
u n r e a c te d  th io p h e n e  r e a c h in g  th e  pumps. T rap  ( i )  was used  t o  s t o r e  
th e  r e a c t a n t  th io p h e n e .
a t t a c h e d  t o  a  P e rk in -E lm e r  FIX* ahrom atograph  (K),w i.th  f lam e  i o n i s ­
a t i o n  o r  h o t -w ir e  d e te c t io n *
ANALYTICAL TECHNIQUES
4*6 The ch ro m a to g ra p h ic  c o n d i t io n s  a re  g iv en  in  s e r i a l s  5»T0 and I I
Table 1 Appendix 2 .  C a l i b r a t i o n s  were made by making up known- m ix tu re s
by p r e s s u r e  in  th e  m ix ing  g lo b e s ,a n d  expand ing  them i n t o  th e  sample lo o p .  
More d e t a i l s  a re  g iv e n  in  Appendix 2 .
ERRORS
4a.7 Dead S pace . The p r i n c i p a l  e r r o r  in  any s t a t i c  a p p a r a tu s  i s  th e  dead 
space  o f  th e  r e a c t i o n  v e s s e l rt h a t  i s  th e  volume c o n ta i n in g  r e a c t a n t s  
which i s  n o t  h ea ted  t o  th e  r e a c t i o n  t e m p e r a tu r e .  I t  i s  c o n v en ie n t  t o  
d e f in e  a dead space  f a c t o r  S w hich a l lo w s  f o r  th e  d i f f e r e n c e  in  tem per­
a tu r e  betw een th e  dead space  and th e  r e a c t i o n  v e s s e l .  Thust
8 = Vd/[Vd +' V r(T d/T r)] 
where Vd,Td and Vr,.Tr a re  th e  r e s p e c t i v e  volumes and te m p e ra tu re s  of th e  
dead space  and r e a c t i o n  v e s s e l .  F o r  a- f i r s t - o r d e r  r e a c t i o n  o c c u r in g  w i th ­
out a. p r e s s u r e  change i t  can be shown ( l ' ) » th a t  i f  JA] /  [A]Q =  f  t h e n
f t r u e  = f^ obs“  ' 5 ^  ^  ~  5 ^
F o r  th e  r e a c t i o n  v e s s e l  used and s in c e  th e  p r e s s u r e  change was sm a l l  w i th  
Tr =  1000K a n d , f o r  th e  w o rs t  case^Td =  378K,.S =s 0*0209. Htence i f  =  0*9-1 
th e n  T^ru e  =  0*898 which i s  a n e g l i g i b l e  e r r o r .
4^.8 When th e  r e a c t a n t  was a d m it te d  t o  th e  r e a c t i o n  v e s s e l  t h e r e  was a. 
d e la y  o f  a t  l e a s t  two s e c o n d s ,b e f o r e  th e  t a p  cou ld  be c lo se d .-  This  
" z e ro  e r r o r "  in  t im in g  l im i t e d  th e  minimum r e s id e n c e  tim e t h a t  co u ld  be 
a c c u r a t e l y  ach iev ed  t o  about 60 s e c o n d s .
EXPERIMENTS
4*9 The R ate  of D isap p ea ran ce  of T h iophene . W ith th e  e v a c u a te d  r e a c t i o n  
v e s s e l  a t  a c o n s ta n t  te m p e ra tu re  a known p e rc e n ta g e  m ix tu re  o f  n i t r o g e n  
and d e g assed  th io p h e n e  was expanded , from  th e  m ix ing  v e s s e l „ i n t o  th e  
r e a c t i o n  v e s s e l  and th e  p r e s s u r e  n o te d . .  The r e a c t i o n  v e s s e l  was s e a l e d  
and th e  r e s id e n c e  tim e measured w i th  a s to p w a tc h .  The m ix ing  v e s s e l  t a p  
was c lo s e d  and th e  l i n e  e v a c u a te d .  A f te r  a t  l e a s t  60 seconds  th e  c o n te n t s
4«~4'
p r e s s u r e  n o te d ,a n d  th e  g a se s  an a ly se d  hy GLC. From th e  GLC peak  i t  was 
p o s s i b l e  to  c a l c u l a t e  th e  p r e s s u r e  of th io p h e n e  in  th e  sample loop  and 
h en ce ,f ro m  th e  t o t a l  p r e s s u r e , t h e  p e rc e n ta g e  of th io p h en e  in  th e  lo o p .  
T h e re fo re  w ith  a knowledge of th e  i n i t i a l  and f i n a l  p e rc e n ta g e s  i t  was 
p o s s ib l e  to  c a l c u l a t e  (a] / [ A ] q . T h i s  p ro ced u re  waB c a r r i e d  ou t f o r  
s e v e r a l  d i f f e r e n t  r e s id e n c e  t im es  a t  each  t e m p e ra tu re .  To m inim ise any 
e f f e c t s  of a d s o r p t i o n , t h e  c o m p o si t io n  o f  th e  m ix tu re  in  th e  m ixing v e s s e l  
was d e te rm in e d  by GLC a n a l y s i s  b e fo re  each  r u n .
4^10 R e a c t io n  Order f o r  th e  D isappea rance  o f  T h iophene . The p ro c e d u re  
e x p la in e d  in  p a ra g ra p h  4^ *9 was c a r r i e d  out a t  a c o n s ta n t  te m p e ra tu re  of 
IO56K and r e s id e n c e  tim e of 90 s e c o n d s ^ fo r  th io p h e n e  c o n c e n t r a t i o n s  
v a ry in g  from  7*03 t o  3 *02$ .
HM0G4M
4'-.!! R e a c t io n  Order f  or^ Methane - and A c e ty le n e . With th e  r e a c t i o n - .v e s s e l  a t  
c o n s ta n t  t e m p e r a t u r e , a  known m ix tu re  of n i t r o g e n  and th io p h e n e  was 
expanded i n t o  i t  and th e  p r e s s u r e  n o te d .  A f te r  120 seconds  th e  c o n te n t s  
of th e  r e a c t i o n  v e s s e l  were expanded i n t o  th e  ev acu a ted  sample l o o p , th e  
p r e s s u r e  no ted  and th e  c o n te n t s  a n a ly sed  by GLC. From th e  GLC t r a c e  i t  
was p o s s i b l e  t o  c a l c u l a t e  th e  p a r t i a l  p r e s s u r e  of th e  p ro d u c t  gas in  th e  
sample lo o p  and hence i t s  p a r t i a l  p r e s s u r e  in  th e  r e a c t i o n  v e s s e l .  S e v e ra l  
ru n s  were c a r r i e d  ou t a t  c o n s ta n t  r e s id e n c e  t im e ,b u t  d i f f e r e n t  c o n ce n t­
r a t i o n s  o f  th io p h e n e .  The lo g a r i th m  of th e  p a r t i a l  p r e s s u r e  of p ro d u c t  
g a s , l o g ^ 0 (p p roduc t;  gas)^w as p l o t t e d  a g a in s t  th e  lo g a r i th m  of th e  p a r t i a l  
p r e s s u r e  o f t h i o p h e n e , l o g ^ C p  th io p h e n e  ),,the s lo p e  of t h i s  g rap h  was th e  
o rd e r  of th e  r e a c t i o n .
4 .12  The R ate  of E v o lu t io n  of Hydrogen. A known th io p h e n e  n i t r o g e n  
m ix tu re  was expanded in to  th e  r e a c t i o n  v e s s e l , a n d  i t s  p r e s s u r e  n o te d -  
A f te r  60 seconds  th e  c o n te n t s  of th e  r e a c t i o n  v e s s e l  were a n a ly sed  f o r  
hydrogen . The c o n c e n t r a t io n  of hydrogen and th io p h e n e  i n  moles 1~^ was 
c a l c u l a t e d  from  t h e i r  p a r t i a l  p r e s s u r e s  by th e  r e l a t i o n s h i p  n /V  —
P/RT X 760 ,where R =  0*08205 I  atm X ^ mole Under i n i t i a l  r a t e  con­
d i t i o n s  th e  r a t e  c o n s ta n t  could be c a l c u l a t e d  f ro m  th e  r e l a t i o n s h i p
3/2>/ a t  = k [ th iophene] '  . That th e  above measurements co rre sp o n d ed  
w i th  r e a s o n a b le  a c c u ra c y  to  th e  i n i t i a l  r a t e  was proved by d o u b l in g  th e  
r e s id e n c e  time which made no change t o  th e  v a lu e  of k .
th e  r a t e  of e v o lu t io n  of methane and a c e ty le n e  was de te rm in ed  was id e n ­
t i c a l  w i th  t h a t  d e s c r ib e d  f o r  hydrogen in  p a ra g ra p h  4 *1 2 .,
4*14 S u r fa ce  t o  Volume M easurem ents . The o r i g i n a l  r e a c t i o n  v e s s e l ,w h ic h  
had a s u r f a c e  to  volume r a t i o  of 8cm ^,was re p la c e d  by a n o th e r  v e s s e l  of 
s i m i l a r  e x t e r n a l  d im en s io n s  and dead sp ac e ,p ac k ed  w i th  q u a r t z  tu b in g  and 
w i th  a; s u r f a c e  t o  volume r a t i o  o f  130cm ^* By th e  methods d e s c r ib e d  in. 
p a ra g ra p h s  4*9 and 4*12 t h e  r a t e  o f  d is a p p e a ra n c e  of th io p h e n e  and e v o l ­
u t i o n  o f hydrogen were de te rm in ed  a t  1018K.
RESULTS
THE RATE OF DISAPPEARANCE OF THIOPHENE
4*15 R e a c t io n  O rd e r*. I f  th e  r a t e  o f  d is a p p e a ra n c e  of th io p h e n e  i s  f i r s t -  
o rd e r  w i th  r e s p e c t  t o  t h io p h e n e , th e n  th e  r a t i o  jA ]/[A ]o *f"or .a*, c o n s ta n t  
te m p e ra tu re  and r e s id e n c e  t im e ,s h o u ld  be in d e p e n d e n t  o f  th e  i n i t i a l  
c o n c e n t r a t i o n  of th io p h en e*  Table 4*1 shows th e  v a lu e s  o f  [ A ] / ( a J 0 o b ta in e d  
w i th  th io p h e n e  c o n c e n t r a t io n s  v a ry in g  from  7*03 t o  3 *02$ a t  IO56K and 
w ith  a- r e s id e n c e  tim e of 90 seconds* The r e s u l t s  d em o n s tra te  t h a t  th e  
r e a c t i o n  i s  e f f e c t i v e l y  f i r s t - o r d e r * .
TABLE 41. I
P e rc e n tag e
Thiophene
0<
i—
*
1—
*
&
7*03 0-890
6 * 61 0-898
6-27 0*907
5-33 0-903
5*12 0-900
4*66 0-892
3*02 0*910
Mean: 0*900
Standard
D e v ia t io n
0-0074
4*6
ln
([
A
]/
[A
]0
)
r e s id e n c e  t im e .  Tattle 4^2 g iv e s  th e  v a lu e s  of th e  f i r s t - o r d e r  r a t e  con** 
s t a n t s  o b ta in e d  and F ig  4»4; shows th e  A rrh en iu s  p l o t .
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FIG 4 .3  PLOTS OF l n ( [ a] / [ a ] o) VS RESIDENCE TIME
TABLE 4*2
k F i r s t - O r d e r  Rate 
C onstan t Sec
Tem perature
K
In k l / T  X DO4  
K-1'
0*006893 112& -4*9772' 8/  881
0*0022.77 1096 - 6*0849 9-124
0*0007055 1056 -7*2566 9 .470
0*0001709 1019 - 8*6744 .9*814
“4.7
-4
SLOPE 5-38888
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INTERCEPT = 29*504
CORRELATION = -0*999
- 6
C - 7
E=323*3 kJmo.le
8-5 9 0 9-5 100
1/T  x 10A K4
FIG 4 .4  AHHHENIUS PLOT FOR THIOPHENE DISAPPEARANCE 
THE EVOLUTION OF HYDROGEN.
4 .17  R e a c t io n  O rd e r . Two d e te r m in a t io n s  of th e  r e a c t i o n  o rd e r  were made* 
F ig  4 .5  Bhows th e  g rap h s  o b ta in e d  by p l o t t i n g  l o g ^ C p . tM o p h e n e ) a g a i n s t  
l ° g l o ( p  h y d rogen ) f o r  te m p e ra tu re s  of 1094 and 948K* th e s e  d e te r m in a t io n s
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FIG 4 .5  DETERMIKATIOff. OF REACTION 0RDEB FOR HYDROGEN ( a )  1094K»(te) 948K
c o n d i t io n s  [ H ^ / A t t  = k [ th io p h e n e J n „where m i s  th e  o r d e r .  Hence a t  a  
c o n s ta n t  r e s id e n c e  tim e  and t e m p e r a tu r e ,w i th  th e  c o n c e n t r a t io n s  e x p re s se d  
as p a r t i a l  p r e s s u r e s , t a k i n g  lo g a r i th m s
l ° g l o ( p  hyd rogen ) = u lo g ^ C p  th io p h e n e )  + a c n s t a n t  
t h e r e f o r e  th e  s lo p e  of th e  g raph  i s  th e  r e a c t i o n  o r d e r .
4 .1 8  R ate  C o n s ta n t s .. Table  4*3 g iv e s  th e  r a t e  d a t a  o b ta in e d  f o r  hydrogen: 
based on a r e a c t i o n  o r d e r  o f  t h r e e - h a l v e s -  Figr i s  th e  ArrheniuB p l o t  
o b ta in e d  from  t h i s  d a t a .
TABLE 4 .3
P o in t k X 1 0 3
n - I s mole ^ l^ s
Tem perature
K
In k l / T  x  104
K '1
1 0-3228 900-0 - 8-0385 11-1111
2 0*5401 916*0 -7 -5 2 3 8 I O .917O
3 0-8936 932-0 -7*0203 10.7298
4 1-6187 948*0 —6 r 4261 i d -5485
5 2*2469 964:- 5 - 6 - 0982: 10 .3681
6 3-9990 982-0 - 5-5217 10 .1833
7 6-2450 999-5 . - 5 . 076O 10-0050
8 10-460 1019-0 —4*5602 9*8135
9 17-260 1037-0 -4 -0 5 9 4 9*6432
10 46 * 06 1055*0 -3 -0 7 7 8 9-4787
11 140-7 1094-0 -1*9611 9J* 1408
12 368*5 1125-0 -0*9983 8*8889
POINTS 1 TO 9
SLOPE = -26919
INTERCEPT = 21-876
CORRELATION = -0-9995.
- 5-0
E=223*8 kJmole
log A = 9*50
MOTOO0-90
T'Vio3 *K"1
FIG 4 .6  ARRHENIUS PLOT FOR HYDROGEN. EVOLUTION 900 TO 1125% 
THE EVOLUTION- OF METHANE AND ACETYLENE
4 .1 9  H e ac t!o n  O rder.
- 1-0
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a-ACETYLENE . SLOPE 0-6t
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FIG 4 .7  REACTION ORDER AT 1 0 FOR'  METHANE AND ACETYLENE
4UI0
<. —  o  - f  W I  v u b  Q J .  u y u u  w u v u j k u ^ u  U J  p i u i i  l i J - i i g ,  k U l U p U C D C  j  C l g i l X Q U  U .
l ° g l o ( p  m ethane) and log^gCp a c e t y l e n e )  a t  1054K.
4 .2 0  Hate C o n s ta n t s , T ab le  4*4 g iv e s  th e  r a t e  d a t a  f o r  methane and acet.— 
y le n e  e v o lu t io n  based on r e a c t i o n  o rd e rs  of one and o n e - h a l f  r e s p e c t i v e l y *  
F ig  4*8  shows th e  A rrh en iu s  p l o t s  o b ta in e d  from  th e  d a t a  in  Table  4 -4 v
TABLE 4>4
kCH,* 105
4 - 1's
*  10^ 
m b l e ^ s ” -1
Tem pera ture
K
In k GH.
4
In V -  w 
2- 2 '
l / T  X 1.0* 
K- I
4-917 0*0749 981* 5 - 9*9202 -14*1044 10*1885
6*339 - 0 *0982 ' 1018*0 —9 * 6662 -13*8337 9*8232
8-475 0*1313 1056*0 -9 -3 7 5 8 -13*5432 9*4700
17-55 0*2470 1094*0 -8 -6 4 7 9 -12*9113 9*1408,
39*05 0*3100 1124*0 - 7-8482 -12*6841 8*8970
111*65 0.5004 1166*0 -6*7975 -12*2053 8 -5 7 6 *
n 00
-U
-14
10-09-08-5 9-5
MOO
-7
-8
o
-10
10*09-0 9*58-5
(a) 1 / T x l o V 1 (b)
FIG 4 .8  ARRHENIUS PLOT FOR THE EVOLUTION OF ( a )  METHANE (b )  ACETYLENE
4 .11
a c t i v a t i o n  e n e r g ie s  a re  n o t  c o n s ta n t  over th e  te m p e ra tu re  ran g e  981 t o  
1166K. What i s  c l e a r  from  th e  p l o t s  i s  t h a t , p a r t i c u l a r l y  f o r  a ce ty lene* , 
th e  a c t i v a t i o n  e n e r g ie s  and p r e - e x p o n e n t i a l  f a c t o r s  a re  low (see  Table
4 .5 ') .
TABLE 41*5
P ro d u c t Tem pera ture  
Range K
logA E kJmoIe ^
A ce ty len e
Methane
I I 66- IO 56
1056-982
1166-1056
1056-982
0*3
-2 * 7
9*3
-1 -0 :
124-7
64*9
272 - 5 
63 -0
SURFACE TO VOLUME MEASUREMENTS
4 .21  The e f f e c t  on th e  r a t e s  of th io p h e n e  d is a p p e a ra n c e  and hydrogen 
e v o lu t io n  a t  1018K due t o  a  change in  th e  s u r f a c e  t o  volume r a t i o  of th e  
r e a c t i o n  v e s s e l  from  8cm ^ t o  130cm ^ were as fo l l o w s :
.  -4
a* The r a t e  c o n s ta n t  f o r  th io p h en e  d is a p p e a ra n c e  was 2*96 X 10 s 
whereas th e  p r e d ic t e d  v a lu e  from  th e  A rrh en iu s  p l o t  was 1*67 X 10” ^ 
b" 1 . T h e re fo re  th e  r a t e  in c re a s e d  s l i g h t l y .
_2 4  4 - 1b . The r a t e  of e v o lu t io n  of hydrogen was 1-05  X 10 mole 2l 2s 
w hereas th e  r a t e  c o n s ta n t  p r e d i c t e d  by th e  A rrh en iu s  p l o t  was 
1- 03 X l O ^ m o l e ^ l ^ s - 1 .
DISCUSSION
4 .2 2 ' A d e t a i l e d  d i s c u s s io n  of th e  p o s s i b l e  mechanisms in v o lv e d  w i l l  be 
d e lay e d  u n t i l  C h ap te r  5 in  o rd e r  t h a t  th e  r e s u l t s  from  h o th  f lo w  and 
s t a t i c  a p p a r a tu s e s  can be d is c u s s e d  t o g e t h e r .
THIOPHENE DISAPPEARANCE
4 .2 3  The r e a c t i o n  has been confirm ed  as  f i r s t - o r d e r .  The r e s u l t s  on th e  
s t a t i c  a p p a r a tu s  co n f irm  th o se  on th e  f low  a p p a r a t u s , th e  agreem ent i s
41.12
F ig  4*9 shows th e  combined A rrh en iu s  p l o t  f o r  b o th  s e t s  of r e s u l t s .  The 
p l o t  i s  e s s e n t i a l l y  l i n e a r  over th e  te m p e ra tu re  ran g e  1019 to  1233K 
s u g g e s t in g  t h a t  t h e r e  i s  o n ly  one r i n g  f i s s i o n  mechanism o p e r a t in g ^
M S P- 2-0
Key:
S ta tic  #
Flow
-  5*0
E k J m o l e '  A  s e c -1
12-81 
323-3 10Sta t ic
12-37316-6F low
0%] 0-90 095
1 / T  * i o 3*K"1
FIG 4*9 ARRHENIUS PLOT FOR THIOPHENE DISAPPEARANCE 1019 TO 1233K
HYDROGEN EVOLUTION •
4.241 The measured o rd e r  f o r  th e  e v o lu t io n  of hydrogen was d o s e  t o  t h r e e -  
h a lv e s  and may be i n t e r p r e t e d  t h e o r e t i c a l l y  on th e  b a s i s  t h a t  i t  i s  1*5* 
The A rrh e n iu s  p l o t  i s  curved,.however.. In  th e  low te m p e ra tu re  r e g io n  
between 900 and 1037K i t  i s  r e a s o n a b ly  l i n e a r , s o  t h a t  A rrh e n iu s  p a ra m e te rs  
can be d e te r m in e d .  The c u rv a tu re  of th e  p l o t  s u g g e s ts  t h a t  more th a n  one 
r e a c t i o n , o r  m echan ism ,is  p ro d u c in g  or consuming hydrogen.- A p o s s i b l e  
e x p l a i n a t i o n  of t h i s  c u r v a tu r e  i s  d i s c u s s e d  in  C hap te r  5 -
METHANE AND ACETYLENE EVOLUTION;
4 .2 5  The A rrh e n iu s  p l o t s  f o r  methane and a c e ty le n e  e v o lu t io n  can n o t be 
i n t e r p r e t e d  m e c h a n i s t i c a l l y .  The c u r v a tu r e  of th e  p l o t s  and th e  low 
a c t i v a t i o n  e n e r g ie s  and p r e - e x p o n e n t i a l  f a c t o r s , p a r t i c u l a r l y  th o s e  f o r  
a c e t y l e n e , i n d i c a t e  t h a t  th e s e  p ro d u c ts  a re  produced v i a  a t  l e a s t  two
" 4 .13 '
SURFACE TO VOLUME MEASUREMENTS
4#26SFrom th e  r e s u l t s  i t  can be concluded  t h a t  b o th  th e  r i n g  f i s s i o n  and 
hydrogen e v o lu t io n  r e a c t i o n s  a re  homogenous gas phase  r e a c t i o n s . .  The 
s l i g h t  i n c r e a s e  in  th e  r a t e  of th io p h e n e  d is a p p e a ra n c e  i s  i n s i g n i f i c a n t ,  
compared w i th  th e  l a r g e  in c r e a s e  in  th e  s u r f a c e  t o  volume r a t i o n
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MECHANISM
INTRODUCTION:PREVIOUS MECHANISMS 
MOLECULAR MECHANISMS
5 .1  B ith io p h en e  F o rm a t io n * Irr th e  rev iew  ( l )  a m o le c u la r  mechanism has 
been su g g es te d  f o r  th e  fo rm a tio n ;  of b i th io p h e n e s  d u r in g  th io p h e n e  pyro­
l y s i s ,  as  f o l lo w s :
v h
w
V
„ ; S ^ i n u r j  -  h 2
'H
T here i s  no e x p e r im e n ta l  ev id en ce  to  s u p p o r t  t h i s  mechanism.- I n d e e d , i f  i t ,  
does occu r th e n  th e  r a t e s  o f  hydrogen and b i th io p h e n e  e v o lu t io n  and t h i o — 
phene d is a p p e a ra n c e  shou ld  be s e c o n d -o rd e r  w i th  r e s p e c t  t o  th io p h e n e  whichi 
i s  n o t  th e  c a s e .
5 .2  Complex P r o d u c t s . Two m o le c u la r  mechanisms have been p roposed  t o  
e x p la i n  th e  fo r m a t io n  of su ch  p ro d u c ts  as b en zo th io p h en e  and p h e n y l th io — 
p hen e .
a .  Wynberg and B a n t je s  (2 )  have su g g es te d  a mechanism based  on th e  
d ie n e  s y n t h e s i s .  Hence ben zo th io p h en e  i s  formed by th e  d ie n e  syn­
t h e s i s  of two th io p h e n e  m o lecu les :
U) PB -*uO+  H-S
P h e n y lth io p h e n e  i s  formed by th e  d ie n e  s y n th e s i s  o f  th io p h e n e  and 
b i th io p h e n e :
\ — \
cn a)
— 7 " ""/ bzzz/
+  C2H2 +  2S
b. Janssen  ( l )  su g g e sts  a mechanism based on thiophyne (I ),.w h ich  i s  
formed by th e r e a c tio n :
p +  H.
Benzothiophene could then be formed by the r e a c t io n  of ( i )  and 
th iophene:
i
i + s
An a lt e r n a t iv e  route proposed fo r  the above r e a c t io n  i s  th e form ation  
of benzyne ( I I ) :
p + p
I II
Benzyne i s  su ggested  as the p recu rsor  of such products as naphthalene  
and b ip h e n y l.
FREE^RADICAL MECHANISMS
5 .3  Hurd (3 )  s u g g e s t s  no mechanism f o r  b i th io p h e n e  f o r m a t i o n  b u t  p u t s  
fo rw ard  an e x p la n a t io n  f o r  many of th e  p ro d u c ts  based  on th e  f o r m a t i o n  
of t h e : d i r a d i c a l  ( i l l )  as a n  in te r m e d ia te :
This  i s  fo l lo w e d  by bond r u p tu r e  w i th  b and 8 bonds fa v o u red  because  of 
re so n an c e  s t a b i l i z a t i o n  With t h i s  scheme th e  f o l lo w in g  p ro d u c ts  can be 
acco u n ted  f o r :
a# 6 bond r u p tu r e  l e a d s  to  a d i r a d i c a l  which could  add to  t h i o ­
phene to  g iv e  b e n zo th io p h en e .
D + 
S '
b .  X bond r u p tu r e  le a d s  t o  a d i r a d i c a l  which on d im e r i s a t i o n  
g iv e s  b en zen e .  P u r th u r  r e a c t i o n  of benzene w i th  a C., d i r a d i c a l  g iv e s
4*
n a p h th a le n e .
Hurd has o b ta in e d  some l i m i t e d  ev idence  f o r  t h i s  mechanism based  oni 
t r a c e r  s t u d i e s  c a r r i e d  ou t on (m e th y l-^ C :)—•th io p h e n e ,
5*4 C u l l i s  and N o r r i s  (4') adop ted  Hurds (3 )  i n i t i a t i o n  r e a c t i o n  b u t  i .  
su g g es te d  t h a t  ( i l l )  underw ent 4 -1  hydrogen t r a n s f e r  t o  form  an u n s a t ­
u r a te d  t h i o l  ( IV ) ,w h ich  th e n  decomposed to  g iv e  s u lp h u r  mono—
h y d r id e  r a d i c a l s :
( F I  -*• III —► H S -C H =C H -C sC H  ^  + HS !
IV 1
The r a d i c a l  th e n  underwent, p o ly m e r i s a t io n  and d e h y d ro g e n a t io n
r e a c t i o n s  l e a d i n g  t o  th e  fo rm a t io n  of carbon  and th e  observed  gaseous  
h yd rocarbon  p r o d u c t s .
r e l i a b l e  d a t a  i s  t h a t  f o r  b i th io p h e n e  and hydrogen: e v o lu t io n  and th io p h en e  
d i s a p p e a r a n c e .  D ata  f o r  th e  o th e r  p ro d u c ts  i s  s c a r c e r  and p o s s i b l y  l e s s  
r e l i a b l e .  The mechanism of b i th io p h e n e  and hydrogen e v o lu t io n  w i l l  be 
d i s c u s s e d  f i r s t , t h e n  th e  mechanism f o r  th e  fo rm a t io n  of th e  o th e r  p rod­
u c t s .  I t  sh ou ld  be s t r e s s e d  t h a t  th e  l a t t e r  mechanism i s  t o  some e x te n t  
s p e c u l a t i v e .
BITHIOPHENE FORMATION
EVIDENCE
5*6 E x p e r im e n ta l . The f o l l o w i n g  summarizes th e  e x p e r im e n ta l  ev id en c e  
connec ted  w i th  b i th io p h e n e  fo rm a tio n s
a .  Below 1000K th e  p r i n c i p a l  p y r o l y t i c  r e a c t i o n  i s  th e  d i m e r i s a t i o n  
o f  th io p h e n e  t o  g ive  b i th io p h e n e s  and hydrogen.
b .  Hydrogen e v o lu t io n  i s  t h r e e - h a l v e s - o r d e r  w ith  r e s p e c t  t o  th io p h e n e ►
c .  The r a t e  e q u a t io n  f o r  hydrogen e v o lu t io n  i s :
d lH g J /d t  = 109 ’ 5 [T h iophene]3^2e x p ( - 2 2 3 -8/RT)
d .  The a c t i v a t i o n  e n e rg y  f o r  th e  e v o lu t io n  of b i th io p h e n e  i s  216*3 
kJmole I f  th e  o r d e r ,w i th  r e s p e c t  t o  t h i o p h e n e , i s  assumed t o  be 
t h r e e - h a l v e s , th e  r a t e  e q u a t i o n  becomes:
d [ B i t h i o p h e n e ] / d t =  lO9 '^ [T h io p h e n e J 3/ 2e x p (-2 l6 * 3 /R T )
e .  The r e a c t i o n  i s  homogenous and gas p h a se .
5*7 Mechanism. There i s  no ev id en ce  t o  s u g g e s t  t h a t  th e  r e a c t i o n  has a 
m o le c u la r  mechanism. There i s  th e  fo l lo w in g  ev idence  which s u g g e s t s  i t  
has a f r e e - r a d i c a l  ch a in  mechanism:
a .  Hydrogen e v o lu t io n  i s  t h r e e - h a l v e s —o r d e r j - f r a c t i o n a l  o r d e r s  a re  
t y p i c a l l y  found in  f r e e - r a d i c a l  c h a in  mechanisms.
b .  The e v o lu t io n  of b i th io p h e n e  i s  c a ta ly s e d  by th e  p re s e n c e  o f  
p h en y l r a d i c a l s  (see  C hap ter  7 ) .
5*4
gen has been shown to  have a f r e e - r a d i c a l  mechanism*
POSSIBLE MECHANISMS
5*8 I n i t i a t i o n  by Carbon—Hydrogen; Bond F i s s i o n * I f  i t  i s  assumed t h a t  th e  
mechanism i s  ana logous  to  t h a t  p roposed  f o r  benzene (5 )> th en  th e  mechan­
ism w i l l  bes
TE = T -(■ H;
. K .  .
H. 4- TH = T 4  H^
T 4  TH ^  T2> 4  fi­
le.
•  •  aT 4  T = T2
T = T h ie n y l  R a d ic a l  ( ^ H ^ S )
Where: TH = Thiophene 
i 
T2 -  B ith io p h en e
The s t e a d y  s t a t e  t r e a tm e n t  g iv e s  the  fo l l o w in g  r e s u l t s :
d[T2] / d t  = d[H2] / d t =  k3 (fc11/ k 4.)l i / 2 (TH33 /2 +  TH] - 5 . 1
- d [ T H ] / d t  = 2k3 (k1/ k 4;):1;'/ 2 [TH]3/ 2 +  k jtT H ] -5 - 2
I f  th e  c h a in s  a r e  long  th e n  ^ ( k j / k .  )3' 2 [ TH]3^2»  k^fTH) and hence th e  
f i r s t - o r d e r  te rm s  in  e q u a t io n s  5*1 and 5+2 can be ignored*. I f  th e  c h a in s  
a re  s h o r t  th e n  t h e r e  w i l l  be an o r d e r  between 1 and 1*5* I f  t h e r e  a r e  no 
c h a in s  th e n :
d |T 2] / d t ,  = d[H2 ] / d t =  - d [ T H ) /d t  = kj, [TH] -5-3<
Hence f o r  lo n g  c h a in s  th e  mechanism p r e d i c t s  th e  c o r r e c t  o r d e r  f o r  hydro­
gen and b i th io p h e n e  f o r m a t io n * in  t h a t :
d[T2] / d t  = d [ i y / d t  =  k ^ k j / k ^ 11/ 2] ™ ] 3/ 2 - 5 .4 '
5 - 5
E i s  p r e d i c t e d  as  E = E^ +  ^ ( E ^ — E ^ ) .  E^ = 0 s in c e  r e a c t i o n  4 i s  a  
r a d i c a l  r e c o m b in a t io n  and E^ 21*5 kJm ole"1. (T his  v a lu e  i s  based  on ex p er­
im e n ta l  e v id en ce  th e  d e t a i l s  of which a re  g iv en  in  C hap ter  8 ) .  Hence 
E^ =  404*6 kJmole"’^ ', From th e  mechanism i t  i s  a p p a re n t  t h a t  E^ i s  th e  
ca rb o n -h y d ro g en  bond en e rg y  of th io p h en e ..  A therm ochem ica l v a lu e  i s  not' a v a l  
l a b l e  b u t i t  i s  p o s s i b l e  t o  e s t im a te  an u p p e r  and low er va lue*  I f  t h e ' c a rb o n  
hydrogen: bond e n e rg y  in  benzene i s  ta k e n  as  th e  u pper  v a lu e  and t h a t  im 
a- t y p i c a l  a l i p h a t i c  m olecu le  as th e  low er v a lu e , . th em ,410*0 < E ^ .^464*4  
kJm ole*^. Because of th e  s t r u c t u r a l  and chem ica l s i m i l a r i t y  of benzene 
and t h i o p h e n e , i t ,  seems l i k e l y  t h a t  th e  v a lu e  f o r  th e  bond e n e rg y  i s  n e a r e r  
t o  th e  u p p e r  l i m i t .  The e n th a lp y  of r e a c t i o n  I  a t .  1000K cam be c a l c u l a t e d  
as  464*4 kJm ole"^ on th e  b a s i s  of an1 e s t im a te d  v a lu e  o f  105*3 kJmole 
f o r  th e  e n th a lp y  of f o r m a t i o n  of th e  t h i e n y l  r a d i c a l  a t  1000K (se e  
Appendix l ) , ,w h ic h  r e i n f o r c e s  t h i s  v iew . C onsequen tly  a l th o u g h  th e  mech­
anism  can e x p la in ;  th e  o v e r a l l  k in e t i c s ^ p r o v id e d  th e  c h a in s  a re  assumed 
l o n g , i t  i s  n o t  co m p a tib le  w i th  th e  ca rbon-hyd rogen  bond energy  of 
th io p h e n e .
5*10 I n i t i a t i o n  by Ring F i s s i o n . The e s s e n c e  of any i n i t i a t i o n  r e a c t i o n  
i s  t h a t  i t  p ro d u ces  f r e e  - r a d i c a l s .  I f  th e  c a r b o n - s u lp h u r  bond im t h i o — 
phene were t o  b re a k  i t  would produce a  d i r a d i c a l  which may o r may n o t  
decompose t o  o th e r  r a d i c a l s .  I f  r e a c t i o n  1 in  th e  p r e v io u s  mechanism 
i s  r e p la c e d  by a f i r s t - o r d e r  r i n g  f i s s i o n  r e a c t i o n ,p r o d u c i n g  some un— 
s p e c i f i e d  r a d i c a l  R^then th e  mechanism becomes:
^1 .
TH = R
*2 .
R +  TE = T +  RH
k- #
T +  TH = T2; - f  H
k #
. H i  +  T H  J -  T +  H g
. , . k 5 
T +  T r? T2
Note: The p o s s i b l e  s t r u c t u r e  of th e  r a d i c a l  R i s  d i s c u s s e d  i n  p a ra g ra p h  5 .2 4 .
d t H g l /d t  = ^ ( k j / ^ J ^ ' t T H - ] 3/ 2 ' - 5 . 5
d [ T g ] / d t  =  k3 (k1/ k 5 )1' / 2 lTH ]3/ 2 +  k^[TH] -5„6:
- d [ T H i] /d t=  2k3 (k1/ k 5 ) ll/ 2 (TH)3/ 2 +  2 ^ 1  TH] - 5 . 7
Hence hydrogen e v o lu t io n  w i l l  always he t h r e e - h a l v e s - o r d e r  a n d ,p r o v id in g
th e  c h a in s  a re  lo n g ,-so ; w i l l  b i th io p h e n e  e v o lu t io n .  S ince  E ■= E . +  ^ i L  —
—XE^) ,. = 404*6 kJmole . (See p a ra g ra p h  5*13 f o r  th io p h e n e  d is a p p e a ra n c e )*
5*11 T h e o r e t i c a l  E s t im a te s  o f  E^. As w ith  th e  p re v io u s  mechanism th e r e  
a re  no e x p e r im e n ta l  v a lu e s  a v a i l a b l e  f o r  th e  en e rg y  r e q u i r e d  to  b re a k  
th e  c a r b o n - s u lp h u r  bond of th io p h e n e .  However i t  i s  p o s s i b l e  t o  e s t im ­
a te  t h i s  en e rg y  in  two ways:
a .  The s im p le s t  method i s  t o  assume t h a t  th e  c a r b o n - s u lp h u r  bond 
en e rg y  in  t h io p h e n e ,n e g l e c t i n g  any c o n t r i b u t i o n  from  th e  re so n an c e  
of th e  r i n g , i s  t h a t  found  in  s im ple  a l i p h a t i c  m o le c u le s .  Hence 
E(C-S) = 292*9 kJmole*"*1 ( 5 a ) .  Let th e  re so n an ce  en e rg y  of th io p h e n e  
be 125*5 kJmole 1 ( 6 ) , and th e  c o n ju g a t io n  e n erg y  of th e  d i r a d i c a l  
( i l l )  e q u a l  t h a t  of b u t a d i e n e , t h a t  i s  14*6 kJmole*"*1 • Then th e  
e n e rg y  r e q u i r e d  to  b re a k  th e  r i n g  (E^) w i l l  be as fo l l o w s :
E^ -  E(C--S) -f E (R esonance) — E (C o n ju g a t io n )
E1 = 292-9  +  125*5 “  14*6
E1 = 403*8 kJmole""1
b .  A more co m p lic a te d  method of e s t i m a t i n g  E^,butr. one t h a t  a l s o  
g iv e s  a v a lu e  f o r  A ^ , i s  by u s in g  t r a n s i t i o n  s t a t e  th e o r y  combined 
w i th  Bensons (7 )  methods of e s t i m a t i n g  th e  e n th a lp y  and e n t r o p y  
of a c t i v a t i o n .  The d e t a i l e d  c a l c u l a t i o n s  a re  s e t .  ou t i n  Appendix
1 .  Assuming t h a t  th e  b i r a d i c a l  ( i l l )  i s  th e  t r a n s i t i o n  s t a t e  i t
4r —1can be shown t h a t  th e  e n th a lp y  of a c t i v a t i o n  A H 1 :r 387*4 kJmole
+  —1and th e  e n t ro p y  of a c t i v a t i o n  A S  = 19*5 Jd eg  . S u b s t i t u t i n g  th e s e  
v a lu e s  in  th e  e x p re s s io n s  f o r  A and E from t r a n s i t i o n  s t a t e  t h e o r y  
g iv e s  E^ = 396*kJmole 1 and logA^ = 14*8.
5-7
T n eo rex ica i &Bximaxes 01 rre -ex p o n en x ia i la c x o r s *. Alxhougn IX i s  nox
p o s s i b l e  t o  use  t r a n s i t i o n  s t a t e  th e o r y  and Bensons methods t o  e s t im a te
a c t i v a t i o n  e n e r g i e s  of b im o l 'e cu la r  r e a c t i o n s , i t  i s  p o s s ib l e  t o  e s t im a te
t h e i r  p r e - e x p o n e n t i a l  f a c t o r s ► The v a lu e s  of A, and Ac were e s t im a te d  t o  
7 • A. 8 • 6be 10 . and 10 r e s p e c t i v e l y  (see  Appendix 1 f o r  c a l c u l a t i o n s ) . ,  Prom
e q u a t io n  5*7;logA  = logA^.-f -J-(logA^ — logA ^) ; s u b s t i t u t i o n  of th e  th e o r ­
e t i c a l  v a lu e s  of A^^A^. and A^ g iv e s  logA = 10»5.- T h is  v a lu e  i s  r e a s o n a b ly  
c lo s e  t o  t h e  e x p e r im e n ta l  v a lu e  of 9*5*
5 .13  B ith io p h e n e  R e a c t io n  O rd e r-  The r a t e  e x p re s s io n  f o r  b i th io p h e n e  
e v o lu t io n , .e q u a t io n  5 * 6 ,c o n ta i n s  b o th  t h r e e - h a l v e s  and f i r s t - o r d e r  te rm s .
As th e  r e a c t i o n  i s  c lo s e  t o  1*5 o r d e r ,  k ^ k ^ /k p .  I 1/ 2 [TH]3/ 2 sh o u ld  be 
g r e a t e r  th a n  k^ [TH] . Taking  th e  t h e o r e t i c a l  v a lu e s  o f A^.. and E^ , and a. 
t y p i c a l  c o n c e n t r a t i o n  of th io p h e n e  on th e  flow  a p p a r a tu s  o f  0*0304- moles 
l i t r e ” 1 ^ a t  1000K, k^TH'] = 1CT7 *7 and k ^ k ^ k ^ ) 1/ 2 ^ ) 3/ 2 = ICT3 *7 (see  
Appendix 3 f o r  v a lu e s  of r a t e  c o n s t a n t s ) .  T h e re fo re  th e  mechanism i s  
c o n s i s t e n t  w i th  th e  c a l c u l a t e d  r a t e  c o n s ta n t s  and th e  assu m p tio n  of long  
c h a in s  i s  a  r e a s o n a b le  one . A problem  a r i s e s  as t o  why th e  d is a p p e a ra n c e  
of th io p h e n e  i s  always f i r s t - o r d e r  w h ile  th e  ap p ea ran ce  of b i th io p h en eB  
i s  t h r e e - h a l v e s - o r d e r .  The re a so n  ap p ea rs  t o  be t h a t  a t  the  te m p e ra tu re s  
a t  which b i th io p h e n e s  a re  th e  m ajor p r o d u c t , c o n v e rs io n s  a re  e x t re m e ly  low 
and c o n s e q u e n t ly  th e  o rd e r  o f  th io p h en e  d is a p p e a ra n c e  cannot be measured*. 
I f  th e  te m p e ra tu re  i s  r a i s e d  t o  th e  p o in t  a t  which an o rd e r  o f  th io p h e n e  
d i s a p p e a ra n c e  can  be e s t a b l i s h e d , .b i th io p h e n e  p ro d u c t io n  has become a 
m inor f e a t u r e  o f  th e  r e a c t i o n .
5 .14  C o n c lu s io n . The mechanism i n i t i a t e d  by carbon-hyd rogen  bend f i s s i o n
i s  u n s a t i s f a c t o r y  because  i t  r e q u i r e s  to o  low a  v a lu e  f o r  th e  c a r b o n -  
hydrogen bond e n e rg y  of th io p h e n e .  The mechanism i n i t i a t e d  by r i n g  f i s s i o m  
i s  p r e f e r r e d  b ecau se :
a .  The v a lu e  f o r  th e  en e rg y  r e q u i r e d  t o  b re a k  th e  th io p h e n e  r i n g
p r e d ic t e d  by th e  mechanism i s  in  agreem ent w i th  b o th  t h e o r e t i c a l  :
v a l u e s ,
b .  The t h e o r e t i c a l l y  c a l c u l a t e d  p r e - e x p o n e n t i a l  f a c t o r  f o r  hydrogen 
and b i th io p h e n e  e v o lu t io n ,b a s e d  on th e  m echan ism ,is  in  r e a s o n a b le  
agreem ent w ith  th e  e x p e r im e n ta l  v a l u e .
hydrogen and b i th io p h e n e  e v o lu t io n  a r e  t h r e e - h a l v e s - o r d e r .  T h r e e -  
h a l v e s - o r d e r  d is a p p e a ra n c e  of th io p h e n e  i s  n o t  observed  because  at. 
t e m p e r a tu r e s  h ig h  enough f o r  th e  o rd e r  of th io p h e n e  d is a p p e a ra n c e  t:o 
be m e a s u r a b le ,b i th io p h e n e s  have ceased  to  be a  m ajor product* .
HIGH TEMPERATURE REACTIONS GIVING PRODUCTS OTHER •
THAN BITHIOPHENES
EVIDENCE
5 .1 5  E x p e r im e n ta l . The f o l l o w i n g  summarizes th e  e x p e r im e n ta l  ev id en ce  
co n n ec ted  w ith  th e  h ig h  te m p e ra tu re  (above 1000K) r e a c t i o n s  of' th io p h e n e :
a .  The r e a c t i o n  i s  f i r s t - o r d e r  w i th  r e s p e c t  to  th io p h e n e .
b .  The r a t e  of th io p h e n e  d is a p p e a ra n c e  i s :
i .  Over th e  te m p e ra tu re  range  1128 to  1233K measured on a. f low  
a p p a r a t u s :
-d [ T h io p h e n e ] /d t ,  -  10^^ ^ [Thiophene] e x p (-3 1 6 * 6/RT)
i i .  Over th e  te m p e ra tu re  range  1019 to  1126K measured on a 
s t a t i c  a p p a r a tu s :
- d  [Thiophene] / d t  = 1 0 ^  ^  [Thiophene] exp (-323  *3/RT)
c .  The r a t e  of e v o lu t io n  of ben zo th io p h en e  assum ing f i r s t - o r d e r  
k i n e t i c s  i s :
d [B e n z o th io p h e n e ] /d t  = 10*^’ [T hiophene]exp(-386*2 /R T )
d .  The r a t e  of e v o lu t io n  of n a p h th a le n e  assum ing f i r s t - o r d e r  k i n e t i c s  
i s :
d [N a p h th a le n e ] /d t  =  10 ”^  ^ [ T h io p h e n e ]  e x p (-341*2/RT)
e .  The r e a c t i o n  i s  homogenous and gas  p h a se .
5.9
t h e i r  y i e ld  w i th  te m p e ra tu re  i t  can be a rgued  (see  p a ra g rap h s  2 ,2 3  and 
2 ,2 4 )  t h a t  th e  p redom inan t r e a c t i o n  above 1000K i s  r i n g  f i s s io n * .  The 
a c t i v a t i o n  e n e rg y  and p r e - e x p o n e n t i a l  f a c t o r  f o r  th e  r a t e  of th io p h e n e  
d i s a p p e a ra n c e  i n d i c a t e  t h a t  th e  r e a c t i o n  has a f r e e —r a d i c a l  c h a in  mech­
anism  (see  p a ra g ra p h  3*11)*
POSSIBLE MECHANISMS
5 .17  Because o f  th e  c o m p le x i ty  of th e  r e a c t i o n  o n ly  th e  somewhat s t e r e o ­
ty p ed  R ic e -H e rz f  e ld  (8), m ech an ism s^ invo lv ing  t w o - c a r r i e r  c h a i n s ,  a r e  
c o n s i d e r e d ; t h e s e  have been  summarized by G o ld f in g e r  (9 a )  as  shown in  
T able  5*1.
TABLE 5-1
F i r s t - O r d e r I n i t i a t i o n Second-O rder I n i t i a t i o n O v e ra l l
Second-O rder
T e rm in a t io n
■ T h i rd -O rd e r  
T e rm in a t io n
Second-O rder
T e rm in a tio n
T h ird —Order 
T e rm in a tio n
Order
— — _ 2 1
— M AAM 3/2
AAM a a AAM I
A> M — • /AM 1/2
— a/ m ■ — — 0
The sy m b o ls /^  and s i g n i f y  r a d i c a l s  which undergo f i r s t  and seo o n d -  
o rd e r  p ro p a g a t io n  r e a c t i o n s  r e s p e c t iv e ly * .  The f o u r  p o s s i b l e  mechanisms 
which g iv e  f i r s t - o r d e r  k i n e t i c s  a re  examined below . In  o rd e r  t o  a v o id  a  
p r o l i f e r a t i o n  o f  r e a c t i o n 'n u m b e r s , r e a c t i o n s  a re  d e s ig n a te d  by l e t t e r s -  
The r a t e  e q u a t io n  f o r  th e  d is a p p e a ra n c e  of th io p h en e  o b ta in e d  on t h e  
s t a t i c  a p p a r a tu s  w i l l  be used  th ro u g h t  th e  d is c u s s io n * .  The v a lu e s  o f  th e  
p r e - e x p o n e n t i a l  f a c t o r s  and a c t i v a t i o n  e n e r g ie s  quo ted  f o r  i n d i v i d u a l  
r e a c t i o n s  a re  g iv e n ^ w ith  r e f e r e n c e s , i n  Appendix 3*
5*18 Second-O rder I n i t i a t i o n  W ith A ^  T e rm in a t io n * W ith s e c o n d - o r d e r  i n i t ­
i a t i o n  and t e r m in a t io n  th e  mechanism w i l l  bes
5*10
k
TH +  TH =a R +  TH
R +  TH = RH +  T
Where P = U nspec if ied  Product;
. k0 •T = R +  P 
k ,
•  •  dT .' +  T = T2
The s t e a d y  s t a t e  t r e a tm e n t  g iv e s :
-d [T H )/d t  = k0 (fca/ k d - 5-8
T his mechanism f a i l s  to  s a t i s f y  th e  e x p e r im en ta l  r e s u l t s  in  two ways:
a .  The i n i t i a t i o n  s t e p  would have to  be d i f f e r e n t  from  th e  f i r s t -  
o rd e r  i n i t i a t i o n  s t e p  in  th e  b i th io p h e n e  mearhanism (see  p a ra g ra p h  
5 .1 0 ) .  I t  seems u n l i k e l y  t h a t  a  b im o le c u la r  p ro c e s s ,w h ic h  would have 
a>. low er a c t i v a t i o n  energy  th a n  a u n im o le c u la r  p ro cess ,w o u ld  o v e r tak e  
th e  u n im o le c u la r  p ro c e ss  as th e  tem p e ra tu re  i s  r a i s e d .
b .  Taking th e  va lu e  of E as th e  energy  r e q u i r e d  t o  b re a k  th e  t h i o -
phene r i n g , 4^04*6 kJmole ,.and E, = 0 ,f ro m  the  r a t e  e x p re s s io n  5*8
—1
E -  E +  -J-E , hence E = 121 kJmole • Now r e a c t i o n  c; i s  th e  r i n g  c a  Q:
f i s s i o n  of th e  t h i e n y l  r a d i c a l  and w hile  i t s  a c t i v a t i o n  en erg y  may 
n o t  be as g r e a t  as t h a t  f o r  th e  f i s s i o n  of th io p h e n e , , i t  must be highi 
The v a lu e  su g g es te d  by th e  mechanism i s  s u s p ic o u s ly  low.
5*19 Second-Order I n i t i a t i o n  With AAM T e rm in a t io n . I f  th e  i n i t i a t i o n  i s  
s e c o n d -o rd e r  and th e  te rm in a t io n '  t h i r d - o r d e r , t h e  mechanism w i l l  be :
k
TH +  TH =a R -f TH
*b •R +  TH = RH +  T
k
T = R +  P 
keR +  T +  TH = RT +  T»
5.11
-d [ T H ] /d t  = - 5 - 9
Hence E =r E^ 4- *J(E 4“ Eq — E ^ ) .  Now 40 <  E^ <  7& kJmole"’'*' ( lO a ) . ,w ith
E = 404*6' kJmole 1-66: <  E o <  202: kJmole This i s  a more r e a s o n a b le  a c
v a lu e  f o r  Eq th a n  t h a t  c a l c u l a t e d  in  p a ra g ra p h  5*1:8* However th e  mech— 
anism  has' second—o r d e r  i n i t i a t i o n  and may be s i m i l a r l y  c r i t i c i z e d  as th e  
p r e v io u s  mechanism.
5 .2 0  F i r s t - O r d e r  I n i t i a t i o n  With T e rm in a t io n . With f i r s t - o r d e r  i n i t ­
i a t i o n  and t h i r d - o r d e r  t e r m i n a t i o n  th e  mechanism becomes:
R '  4  TH = RH 4  T 
k• n  .
T = R 4  P 
k
R 4  R +  TH £  R2 4  TH
The s t e a d y  s t a t e  t r e a tm e n t  g iv e s :
- d  [TH]/dt =  ^ ( k j . / k  ) 1;/ 2 [TH] - 5 . 1 0
Hence E = 1 ! ^ +  -^E^. E^ =  404*6 kJmole and as  b e fo re  40 <  E, <  76 1 
kJmole "*■,h e n ce , th e  above mechanism p r e d i c t s  an o v e r a l l  a c t i v a t i o n  en e rg y  
of 242 <  E <C278  kJmole ■*■. The measured v a lu e  of E was 323*3 kJmolje"’^  
t h e r e f o r e , d e s p i t e  th e  mechanism hav ing  f i r s t - o r d e r  i n i t i a t i o n  and so  
s a t i s f y i n g  th e  b i th io p h e n e  m ech an ism ,i t  f a i l ' s  t o  p r e d i c t  th e  c o r r e c t ,  v a lu e  
of E.
5*21 F i r s t - O r d e r  I n i t i a t i o n  With / jA  T e rm in a t io n . With? f i r s t —o r d e r  i n i t ­
i a t i o n  and s e c o n d -o rd e r  t e r m in a t io n  th e  mechanism becomes:
The s t e a d y  s t a t e  t r e a tm e n t  g iv e s :
Hence E = -J-(E«-f E, -f E ) ; t h e r e f o r e  166 <1 E 202 kJmole
I  D C C
5*22 C o n c lu s io n .  The two mechanisms w i th  s e c o n d -o rd e r  i n i t i a t i o n  a re  
in c o m p a t ib le  w i th  th e  b i th io p h e n e  mechanism. Of th e  mechanisms w i th  f i r s t -  
o rd e r  i n i t i a t i o n ^ h a t  w ith  t h i r d - o r d e r  t e r m in a t io n  f a i l s  t o  p r e d i c t ,  th e  
m easured a c t i v a t i o n  energywhence th e  mechanism w ith  second—o rd e r  t e rm in ­
a t i o n  b e s t  s a t i s f i e s  the  e x p e r im e n ta l1 r e s u l t s .
DETAILED MECHANISM
5-23 A dopting  th e  num bering sys tem  used  f o r  th e  b i th io p h e n e  mechanism* 
th e  r i n g  f i s s i o n  mechanism d is c u s s e d  in  p a ra g ra p h  5*21 becomes:
1 •TH = R
R 4  TH RH +  I
#
'6 •T R 4  P
R 4  T 1  RT
The r a t e  e x p r e s s io n s  f o r  t h i s  mechanism a re
-d  [T H j/d t = d [R H ]/d t  =  - 5 .1 2
d lR T ] /d t  =  k j jT H j/2 '  - 5 - 1 3
made t o  i d e n t i f y  a l l  th e  p r o d u c ts  and r a d i c a l  s p e c ie s  of the  mechanism.
5 .24  R e a c t io n  I . The mechanism f o r  b i th io p h e n e  form ation.' p r e d i c t s  t h a t
r e a c t i o n  1 o c cu rs  and has an a c t i v a t i o n  e n erg y  of 404*6 kJmole This
f i t s  th e  c a l c u l a t i o n s  of th e  a c t i v a t i o n  e n e rg y  based  on a b i r a d i c a l  .
t r a n s i t i o n  s t a t e  . C u l l i s  (4 ) has su g g es te d  th e
•  •
p r o d u c ts  of th e  r e a c t i o n  cou ld  be th e  r a d i c a l s  HS and Some ev idence
f o r  th e  e x s i s t e n c e  o f  a  r a d i c a l  s p e c i e s  i s  p ro v id e d  by th e  o ccu r ren c e  
of p o l y c y c l i c  a ro m a t ic s  in  th e  p y r o l y t i c  ca rb o n  formed d u r in g  th e  r e a c t i o n  
( se e  p a ra g ra p h s  5*35 and 5*3 6 ) .
• •
5*25 R e a c t io n  2 . I f  R i s  th e n  r e a c t i o n  2 i s  bound t o  be a  hydrogen
a b s t r a c t i o n  r e a c t i o n  r a t h e r  th a n  an a d d i t i o n  to  th e  th io p h e n e  r i n g .  This
i s  b ecau se  th e  c r i t e r o n  f o r  a b s t r a c t i o n  over a d d i t i o n  i s  t h a t  th e  bond
e n e rg y  of th e  c a rb o n -h y d ro g e n  bond formed by a b s t r a c t i o n  must be g r e a t e r
th a n  t h a t  in  th e  o r i g i n a l  th io p h e n e .  T h is  bond e n e rg y ,f ro m  th e  d e l o c a l i s e d
n a tu r e  o f  C*H~ ,m ust be betw een t h a t  o f  an a c e t y l e n i c  and an o l e f i n i c  4 3
c a rb o n -h y d ro g en  b o n d , th a t  i s  between 5 1 0 * 5 i l 2 * 6  and 451*9 kJmole (1 0 b ) .  
S ince th e  maximum v a lu e  f o r  th e  ca rbon-hyd rogen  bond en e rg y  in  th io p h e n e  
i s  464*4  kJmole \ i t  i s  p ro b a b le  t h a t  a b s t r a c t i o n  p re d o m in a te s .  The 
p r o d u c ts  of r e a c t i o n  2 shou ld  t h e r e f o r e  be v in y la c e ty l e n e  ) and th e
t h i e n y l  r a d i c a l .
5 .26  R e a c t io n  6 . There a re  no r e a c t i o n s  known s i m i l a r  t o  6 . I f  t h e  mechr- 
anism  i s  c o r r e c t  th e n  166 < E ^  < 2 0 2  kJmole \ t h i s  i s  c o n s id e r a b ly  l e s s  
th a n  th e  a c t i v a t i o n  energy  f o r  r e a c t i o n  23. There a re  two p o s s i b l e  exp lar-  
i n a t i o n s  f o r  th e  low v a lu e  of E^.
a*. I f  i t  i s  assumed t h a t  th e  im p a ire d  e l e c t r o n  o f th e  t h i e n y l  r a d i c a l ,
2r a t h e r  th a n  s t a y i n g  in  n  sp  o~ o r b i t a l , j o i n s  th e  d e l o c a l i s e d  e l e c t r o n s
of th e  a ro m a t ic  sy s tem ^ th en  i t  must e n t e r  an a n t ib o n d in g  rr m o le c u la r
o r b i t a l .  U sing  s im ple  Hiickel MO th e o r y ,a n d  th e  a p p ro x im a t io n  t h a t  th e
c o u lo m b ic  i n t e g r a l  f o r  s u lp h u r  e q u a ls  t h a t  f o r  c a rb o n  ( l l )  »e g e t  th e
o r b i t a l s  shown in  Pig: 5*1 (12)* The re so n an ce  e n e rg y  of th io p h e n e  I s
t h e r e f o r e  - 2 * 4 7 2 ^  • On i n t r o d u c t i o n  o f an u n p a ire d  e l e c t r o n  i n t o  th e
a n t ib o n d in g  o r b i t a l  th e  re so n an ce  e n e rg y  becomes +0*I46jB , t h a t  i s  th e
r i n g  has been  d e s t a b i l i z e d .  I f  —2 #472’£  equalis th e  re so n an c e  e n e rg y  of '
th io p h e n e  125*5 kJmole th e n  0*146-;£ =  7*4 kJmole ^ and th e  e n erg y
- I  ‘r e q u i r e d  t o  b re a k  th e  th io p h e n e  r i n g  i s  red u ced  by 1 3 4 ;kJmole t o
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However t h e r e  i s  no ev id en ce  of th e  s t r u c t u r e  o f  s im p le  a ro m a t ic  
r a d i c a l s  a t  1000K. The o n ly  ev id en ce  a v a i l a b l e  i s  f o r  th e  p h en y l  
r a d i c a l  a t  4K (13 )  which ESR measurements have show n-to  be a  cr 
and n o t  a. n  r a d i c a l ,
b .  I t  i s  d i f f i c u l t  t o  a p p ly  t r a n s i t i o n  s t a t e  t h e o r y  t o  r e a c t i o n  6d 
because  o f  th e  u n u su a l  s t r u c t u r e  of th e  t r a n s i t i o n  s t a t e .  However 
s e v e r a l  p o s s i b i l i t e s  were t r i e d  w i th  th e  r e s u l t s  g iv e n  in  T ab le  5+2 
( f o r  th e  d e t a i l e d  c a l c u l a t i o n s  see  Appendix I )•
T A B L E  5 . 2
S t r u c tu r e  of 
T rans  i t i o n  S ta te
E s tim a ted  A c t iv a t io n  
Ehergy E^ kJmole
S Z i C n C H ' - C H Z i C H  
s z r C H —  C H d  C j — C f f i  
H S  —  C H — C H — C ~ C
1 4 8  t o  260
M II
251  ± 1 3
A l l  th e  above v a lu e s  a re  c o n s id e r a b ly  l e s s  than; t h a t  f o r  th e  f i s s i o n  
of th io p h e n e  (404*6 kJmole ^ ) .  F o r  th e  t r a n s i t i o n  s t a t e  o f  r e a c t i o n  
6 n o t  t o  have t h r e e  u n p a ire d  e l e c t r o n s  a n o th e r  bond must be form ed 
a s  th e  c a r b o n - s u lp h u r  bond i s  broken ,. Hence th e  o v e r a l l  p r o c e s s  i s  
e n e r g e t i c a l l y  more f a v o r a b le  th a n  t h a t  f o r  th io p h e n e , .
I t  a p p e a rs  t h a t  r e a c t i o n  6 may have th e  low a c t i v a t i o n  en e rg y  p r e d ic t e d , .  
The p r o d u c ts  of r e a c t i o n  6 cou ld  be th e  0*H^ r a d i c a l  and monatomic s u lp h u r .
& v  ^ vx vu v xvn j  wuavu
i s  th e  p r e d i c t e d  p ro d u c t  of r e a c t i o n  7 was n o t  found among th e  p ro d u c ts  
of th e  r e a c t i o n .  However, b en zo th io p h en e , .a  m ajor p ro d u c t  of th e  r e a c t i o n '  
has th e  same m o le c u la r  fo rm u la  as  V. I t :  would seem- p ro b a b le  t h a t  th e  
s u b s t i t u t e d  th io p h e n e  V c y c l i s e s  r a p i d l y  t o  b en zo th io p h en e :
CH =C -C H =C  J T 1  —I  - O o ^  i
V
The e n e r g e t i c s  of r e a c t i o n  8 a re  unknown, Bensons methods make i t  p o s s ­
i b l e  t o  c a l c u l a t e  th e  e n th a lp y ,  o f  th e  r e a c t i o n  a t  1000K (see  Appendix l)*- 
A v a lu e  of -299*4 kJmole i s  o b ta in e d  which i n d i c a t e s  t h a t  c y c d i s a t i o n  
i s  th e rm o d y n a m ic a l ly  f a v o u r e d .  From th e  s t e a d y  s t a t e  t r e a tm e n t  of th e  
mechanism d [R T )/d t = k^[T H ]/2v  I f  benzo th io p h en e  i s  form ed v i a  r e a c t i o n  
p ro v id e d  t h a t  kg k ^ , r e a c t i o n  1 w i l l  be th e  r a t e  d e te r m in in g  s t e p  hence 
d [B e n z o th io p h e n e ] /d t  k^[ TH]/2 :^  I t  was n o t  p o s s ib l e  t o  c a l c u l a t e  Ag and 
Eg. Thermodynamic e s t i m a t i o n s  o f  th e  e n t ro p y  of V and b en zo th io p h en e  a t  
IOOOK i n d i c a t e  th e  f o l l o w in g :  V has a  h ig h  i n t r i n s i c  e n t ro p y  even h ig h e r
th a n  b e n z o th io p h en e s  and t h e r e f o r e  AS f o r  r e a c t i o n  8 may w e l l  be p o s i—
13*8t i v e  g iv in g  Ag >  10 a t  IOOOK. Since th e  fo rm a t io n  of ben zo th io p h en e
i s  e n e r g e t i c a l l y  f a v o u ra b le  EQ i s  p ro b a b ly  low . Even i f  EQ = -^E- and
13*8 / ±  x ‘ / 9*6Ag = 10 ( t h a t  i s  A S  = 0 )  th e n  kg /k^  — 10^ a t  1000K, C b n seq u en tly
i t  i s  l i k e l y  t h a t  r e a c t i o n  1 would be th e  r a t e  d e te r m in in g  s t e p  as sugg­
e s t e d .  The A rrh e n iu s  p l o t  o b ta in e d  f o r  th e  e v o l u t i o n  o f  b en zo th io p h en e ,,  ,
assum ing f i r s t - o r d e r  k i n e t i c s , gave logA =r 17*04 and E = 386*2 kJm ole”*^.
2*2The p r e - e x p o n e n t i a l  f a c t o r  i s  10 h ig h e r  th a n  th e  t h e o r e t i c a l l y  c a lc u ­
l a t e d  v a lu e  o f A^.^the a c t i v a t i o n  en erg y  i s  o n ly  18*4 kJm ole"^ lo w e r  th a n  
th e  p r e d ic t e d  v a lu e  of E^.
SIMPLE RING FISSION PRODUCTS
5*28 Hydrogen S u lph ide  and Carbon D is u lp h id e . - I f '  the .m echan ism  i s ‘ c o r r e c t  
th e n  th e  p ro d u c t  o f  r e a c t i o n  1 w i l l  be s u lp h u r  monohydride (HS) and of 
r e a c t i o n  6 monatomic s u lp h u r .  Ab i s  e v id e n t  from  th e  amount o f  hydrogen  
p ro d u ce d ,h y d ro g en  atoms must be p r e s e n t , t h e r e f o r e  HS cou ld  combine w i th
th e s e  hydrogen atoms to  p roduce  hydrogen' s u lp h id e  =  - 259*68
- 1  •kJmole • I t  i s  u n l i k e l y  t h a t  HS would a b s t r a c t  hydrogen from  any  o rg a n ic
m o le c u le s  p r e s e n t  s in c e  th e  h y d ro g e n -su lp h u r  bond en e rg y  i s  380 kJmole"”^ 
( 9 b ) , c o n s i d e r a b l y  l e s s  th an  th e  carbon-hydrogen ' bond e n e r g ie s  in  th e  - 
sy s te m .  HJpdrogen s u lp h id e  cou ld  a l s o  be produced  by th e  r e a c t i o n  of
5 .16,
1000  _atoms could  a l s o  r e a c t  w i th  th e  s u lp h u r  p r e s e n t  to  fo rm  HS AG -  
- 265*89  kJmole ^ and hence by r e a c t i n g  w ith  a n o th e r  hydrogen atom a g a in  
p roduce  hydrogen s u lp h id e . .  S ince  g r a p h i t e  i s  a p ro d u c t  of th e  r e a c t i o n  
i t  cou ld  r e a c t , i n  th e  s o l i d  fo rm ,w ith  any s u lp h u r  atoms p r e s e n t  t o  p ro ­
duce c a rb o n  d i s u lp h id e  A =  —289*85  kJmole1”^ .
5 .29  H ydrocarbons . The h y d ro ca rb o n  p ro d u c t  of r e a c t i o n  2J w i l l  be v i n y l ~  
a c e t y l e n e .  S ince t h i s  i s  th e  o n ly  hyd rocarbon  p r o d u c t , i f  th e  mechanism 
i s  c o r r e c t , i t  must be th e  so u rc e  of th e  o th e r  p r i n c i p a l  hydrocarbon  p ro ­
d u c t s .  Table 5*3 shows th e  p ro d u c ts  of th e  p y r o l y s i s  o f  v i n y l a c e ty l e n e  
a t  1073K (1 4 ) and th io p h e n e  a t  1173K.
TABLE 5*3
P ro d u c t P y r o l y s i s  of V in y la c e ty le n e  
a t  1073K Mole $
P y r o ly s i s  o f  Thiophene 
a t  1173K Mole £
G ra p h i te -
Hydrogen 5*6 13*0
Methane 5*6 6*0
A ce ty len e 0*04 0-7
E th y len e 0*1 NIL
P ro p y len e T race NIL
B utad iene Trace 1*1
Benzene 0*3? 2*4’
The te m p e ra tu re  and env ironm ent of th e  ex p e r im en ts  a r e  d i f f e r e n t , n o n e th e ­
l e s s ,  th e  com parison  shows t h a t  v i n y l a c e ty l e n e  when p y ro ly s e d  w i l l  p roduce 
th e  same s im p le  hyd rocarbon  p ro d u c ts  as th io p h e n e .
5 .3 0  A c t iv a t io n  E n e rg ie s  and P r e - e x p o n e n t i a l  F a c to r s . .  From th e  s t e a d y  
s t a t e  t r e a tm e n t  ( s e e  e q u a t io n  5 * 1 3 ) ,w i th  RH! as v in y l a c e ty l e n e ,d [ C ^ H ^ ] /d t  
=  - d [ T R ] / d t .  T h e re fo re  i f  t h e  fo rm a t io n  of v i n y l a c e ty l e n e  i s  th e  r a t e  
d e te r m in in g  s t e p  in  th e  fo r m a t io n  of a. hyd rocarbon  p r o d u c t , t h e  r a t e  o f  
e v o lu t io n  of th e  p ro d u c t  w i l l  be eq u a l  t o  th e  r a t e  o f  fo r m a t io n  o f v i n y l ­
a c e t y l e n e .  T ab le  5*4' summarizes th e  r e l e v e n t  A rrh e n iu s  p a ra m e te rs . .  Hydro­
gen and a c e ty le n e  do n o t  f i t  t h i s  scheme s in c e  t h e i r  e v o lu t io n  i s  n o t  
f i r s t - o r d e r .  Methane and n a p h th a le n e  have s i m i l a r  r a t e s  b u t  d i f f e r e n t  
A rrh e n iu s ^ p a ra m e te rs  t o  th o s e  p r e d i c t e d  f o r  v i n y l a c e t y l e n e . - 
However th e  c a l c u l a t e d  v a lu e s  of th e  r a t e  c o n s ta n t s  a t  1000K a re  in
5 .17
a re  known t o  r e a c t  f u r t h e r  so  t h a t  th e  l a c k  of agreem ent i s  n o t  s u r p r ­
is in g #  N aph tha lene  and methane which f i t  b e t t e r  a re  s t a b l e  p r o d u c ts  of th e  
r e a c t io n *
TABLE 5 .4
T em pera ture  
Range K
P ro d u c t LogA E
kJmole""'*'
Order
1055-1125 Hydrogen 15*6 349-1 1-5
1094-1166 Methane 9-3 272*5 1
IO56- H 66 A c e ty le n e 0*23 124*7 0-5
922-1002 N ap h tha lene .14*2 341-2 1
1019-1126 V in y la c e ty le n e 12*8 323-3 *
5*31 T h ien y l  R a d i c a l s # T h ien y l  r a d i c a l s  were p re p a re d  by th e  p y r o l y s i s  
of 2 - io d o  and 2 -b ro m o th io p h e n e .  The e x p e r im e n ta l  d e t a i l s  a re  g iv e n  in
C h ap te r  7* The m o lecu les  were found to  be much l e s s  s t a b l e  th a n  th io p h e n e
p resum ab ly  because  of th e  weakness of th e  c a rb o n -h a lo g en  bond# They decx>—
mpose a t  t e m p e ra tu re s  a t  which th io p h e n e  i s  s t a b l e .  At 900K th e  p r i n c i p a l
1..
p r o d u c ts  were b e n z o th io p h e n e , 2 ,2  - b i t h io p h e n e  and h a lo g e n a te d  b i th io p h e n e s .  
Comparison of th e  r e l a t i v e  y i e l d s  of b en zo th io p h en e  and th e  b i th io p h e n e s  
showed t h a t  f o r  2-b ro m o th io p h en e  th e  b e n zo th io p h en e  y i e l d  was th r e e  t im es  
g r e a t e r  th a n  t h a t  from  th io p h e n e  u n d e r  s i m i l a r  c o n d i t io n s #  At. a-, h ig h e r  
te m p e ra tu re  , J 050K,no h a lo g e n a te d  b i th io p h e n e s  were formed and th e  p ro — - 
d u c t s ^ in c l u d in g  g a se s ,w e re  i d e n t i c a l  w i th  th o s e  from  th io p h e n e .w i th  th e  exc­
e p t i o n '  of t r a c e s  of hydrogen h a l i d e .  T h e re fo re  i t  would a p p e a r  t h a t :
a .  -Because of th e  s i m i l a r i t y  of r i n g  f i s s i o n  p ro d u c ts  from  th e  .ha lo­
g e n a te d  th io p h e n e s  and th io p h e n e ,b o th  r e a c t i o n s  must have a s i m i l a r  
mechanism and have a-, common p r e c u r s o r  t o  r i n g  f i s s i o n .  T h is  p r e c u r s o r  
can n o t be a h a lo g e n a te d  compound s in c e  none of th e  r i n g  f i s s i o n  p ro ­
d u c ts  were h a l o g e n a t e d , i t  must t h e r e f o r e  be th e  t h i e n y l  r a d i c a l .  
C o n seq u en tly  t h i e n y l  r a d i c a l s  a re  one o f  th e  s p e c i e s  p r e s e n t  i n  th e  
r i n g  f i s s i o n  mechanism.
b .  The in c r e a s e d  y i e l d  of b e n zo th io p h en e  from  th e  h a lo g en a te d  t h i o ­
phenes  s u g g e s t s  t h a t  th e  t h i e n y l  r a d i c a l  i s  l e s s  s t a b l e  th a n  th io p h e n e  
a s  i s  p r e d i c t e d  by th e  mechanism.
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5*32 The p roposed  mechanism by which th io p h en e ' undergoes  r i n g  f i s s i o n  i s  
as fo i lo w s s
  k* k .
O  = (-S— CH — CH — CH— CH*) = .HS +  C*H3
k.
O 3
n . o r  n  k= (S =^C =C H —  CH^CH*) S  + C*H3s  s
c ' h ,  +  n  o r  n '  =  c h = c - c h =
4 3  ^ *  S
A s t e a d y  s t a t e  t r e a tm e n t  where r e a c t i o n s  l a  and 6a a r e  in c lu d e d  y i e l d s  th e  
same r e s u l t  as b e f o r e  t h a t  i s :
—d [T H ]/d t  = a [C4,H4 ) / d t  =  ( k ^ k g / a k ^ 1' 2[ TH] -5 -1 2
d[C H3- T ] / d t .  =  k j T K )  - 5 - 1 3
5*33 The r i n g  f i s s i o n  r e a c t i o n  i s  a  complex p ro c e s s  and any mechanism i s  
s p e c u la t iv e #  Each r e a c t i o n  i n  th e  mechanism has been shown t o  be f e a s i b l e *  
A l l  th e  p r o d u c ts  have been q u a l i t a t i v e l y  accoun ted  f o r  and i n  th e  c ase  of 
b e n zo th io p h en e ,m e th an e  and n a p h th a le n e  s e m i - q u a n t i t a t i v e l y #
COMPLEX RING FISSION. .PRODUCTS
5#34 The p ro p o sed  r i n g  f i s s i o n  mechanism o n ly  a cc o u n ts  f o r  th e  f o r m a t io n  
o f some of th e  m a jo r ,an d  none of th e  m in o r ,p ro d u c ts  o f  th e  r e a c t i o n #  I f  
th e  mechanism i s  c o r r e c t  th e s e  p ro d u c ts  must be formed by s e c o n d a ry  r e a ­
c t i o n s .  While i t  i s  n o t  p o s s i b l e  t o  d e v is e  an o v e r a l l  mechanism th e  e s s ­
ence o f  th e s e  s e c o n d a ry  r e a c t i o n s  may be guessed  a t  a s  f o l l o w s :
5-1*9
of two d i r a d i c a l s *  C u l l i s  (4 ) f a v o u re d  th e  r e a c t i o n  between'
and a c e ty le n e  to  produce th e  a l i p h a t i c  form of th e  r a d i c a l
w hich would c y c l i z e  to  form  th e  phenyl r a d i c a l *  As no hydro­
c a rb o n  p ro d u c ts  were o b ta in e d  in  t h i s  work th e  l a t t e r  mechanism seems 
more l i k e ly *  Phenyl r a d i c a l s  in  th e  system  would r e a d i l y  a b s t r a c t  
hydrogen to  g iv e  b e n z e n e s i n c e  th e  ca rbon-hydrogen  bond e n erg y  in  
benzene i s  h ig h  (464*4 kJmole ^ ) .
b* P ro d u c ts  From Benzene and Phen.yl R a d i c a l s * I f  benzene and ph en y l 
r a d i c a l s  a re  p r e s e n t  i t  i s  p o s s i b l e  t o  e x p la in  th e  appearance  o f  sev ­
e r a l  o th e r  p r o d u c t s :
i .  B iphenyl cou ld  be produced  by th e  r e a c t i o n  of phenyl r a d i c a l s  
w i th  benzene^from  th e  p y r o l y s i s . o f  benzene and by reco m b in a t io n *
i i *  Phenyl r a d i c a l s , a s  w i l l  be d em o n stra ted  in  C hap te r  7 * r e a d i l y  
add t o  th e  th io p h e n e  r i n g  to  produce b o th  isom ers  o f  p h e n y l -  
th io p h e n e .
i i i . I f  r a d i c a l s  add to  benzene and th e  r e s u l t i n g  p ro d u c t
c y c l i z e s ,n a p h t h a l e n e  w i l l  be p ro d u ced .
i v .  E th y lb e n z e n e ,s ty re n e  and p h e n y la c e ty le n e  cou ld  a l l  be 
produced by th e  a d d i t i o n  o f  v a r io u s  r a d i c a l s  t o  ben zen e .
c .  T e r th io p h e n e s * The t h i e n y l  r a d i c a l s  p r e s e n t  w i l l  add t o  th e  b i t h ­
io p h en es  t o  p roduce  t e r t h i o p h e n e s .
B u ta d ie n e * With r a d i c a l s , v i n y l a c e t y l e n e  and; hyd rogen  atoms
p r e s e n t  h y d ro g e n a t io n  may o ccu r  t o  p roduce  b u ta d ie n e .
5*35 P o ly c y c l i c  H ydrocarbons* I f  th e  mechanism f o r  th e  fo r m a t io n  o f  
n a p h th a le n e  above (see  p a ra g ra p h  5 * 3 5 b i i i )  i s  e x t e n d e d , i t  i s  p o s s i b l e  t o  
e x p la in  th e  fo r m a t io n  of th e  p o ly c y c l ia ;-h y d ro c a rb o n s  found in  th e  sam ples  
of p y r o l y t i c  carbon  (see  Table  2 * 3 ) .  The f o l l o w in g  r e a c t i o n  scheme exp— 
l a i n s  th e  observed  p r o d u c ts :
5 .20
Cl 8H12 °20®12 “*■ C22H12
4 a
(C24H1 4 )\C
^C2 4 f l2 ^
1A ^
C28,H14
u
C32H16
The Bcheme has t h r e e  s o r t s  of r e a c t i o n :
a .  R e a c t io n  A ,th e  a d d i t i o n  of a r a d i c a l ^ p o s s i b l y  C ^ H ^ to  an  
a ro m a t ic  m olecu le  fo l lo w e d  by c y c l i z a t i o n  e . g .
F or th e  r e a c t i o n  between benzene and t o  form n a p h th a le n e  th e
e n th a lp y  of r e a c t i o n  a t  10001C i s  e s t im a te d  to  be -155  kJmole” ^ 
(see  Appendix 1 fo r^ -the  d e t a i l e d  c a l c u l a t i o n s ) .  Hence r e a c t i o n s  of 
ty p e  A would seem t o  be th e rm o d y n am ica lly  f a v o u re d .
b .  R e a c t io n  B ,th e  a d d i t i o n  o f  a. s p e c i e s  t o  a p o l y c y c l i c  a ro m a t ic
c .  R e a c t io n  C ,th e  c y c l i z a t i o n  of th e  p o ly c y c l i c  t o  form th e
more s t a b l e  c y c l i c  p o l 'y c y c l ic  coronene CL.iL
N e i th e r  compound was found in  th e  p y r o l y t i c  carbons an a ly se d ,h o w ev e r  
s in c e  benzo and d ib en zo co ro n en es  were found i t  seems l i k e l y  t h a t  
coronene  was p r e s e n t  a t  some s t a g e  in  th e  r e a c t i o n .
5*36 P o l y c y c l i c  S u lphur Compounds. A s i m i l a r  scheme t o  t h a t  in  p a ra g ra p h  
5*35 can be d e v ise d  t o  e x p la in  th e  fo rm a t io n  of th e  p o ly c y c l i c .  s u lp h u r  
compounds found in: th e  sam ples of p y r o l y t i c  carbon  ( s e e  Table  2 . 4 ) .
^ ls^ o8
A
C2 0 ^ S
J © - :
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i n a t i o n s  o f  r e a c t i o n s  D,E and P a re  as f o l l o w s :
a* R e a c t io n  D ,th e  in c lu s io n ,  o f  a n o th e r  s u lp h u r  atom i n t o  the  mole­
c u le  ^24^12*3* The r e a c t i o n  may be of th e  form :
(See n o te  be low )
The a d d i t i o n  of &i s u lp h u r  monohydride (HS) r a d i c a l  t o  an  a ro m a tic  
r i n g  seems u n i  ik e  l y r, s in c e  th e  e n th a lp y  of r e a c t i o n  f o r  th e  fo r m a t io n  
of th io p h e n o l  from  benzene and HS i s  +113 kJmole"”^ a t  298K..
b .  R e a c t io n  E may be of th e  form :
C=CH 
+  CH2— CH —  C H ITS
c .  R e a c t io n  F may be th e  a d d i t i o n  of an e t h y l  r a d i c a l  t o  an aromatic:- 
r i n g .
5*37 F o rm a tio n  of P y r o l y t i c  Carbon. The r e a c t i o n  schemes in  p a ra g ra p h s  
5 .35  and 5*36 may e x p la in  th e  fo r m a t io n  of p y r o l y t i c  carbon  in  th io p h e n e  
p y r o l y s i s .  I f  th e  r e a c t i o n  schemes a re  ex tended  above p o ly c y c l i c  
a ro m a t ic s  th e  l a r g e  m o lecu les  form ed would be s t r u c t u r a l l y  s i m i l a r  t o  
g r a p h i t e  and c o n ta in  a h ig h  p e rc e n ta g e  by w e ig h t  of carbon ., That th e s e  
compounds have n o t  been found i s  p ro b a b ly  due t o  t h e i r  i n v o l a t i l i t y .  
B eing  so  i n v o l a t i l e  th e y  would condense on th e  w a l ls  o f  th e  r e a c t i o n  
v e s s e l  and w i th  p ro lo n g e d  h e a t in g  lo s e  hydrogen:! and s u lp h u r  t o  fo rm  
g r a p h i t e .
N ote: R e a c t io n s  of t h i s  type  have n o t  been r e c o rd e d .
5.23
5*38 The complete proposed mechanism is as follows:
k. A
TH .1 C4H3 + HS
[3 +  TH °4H4 +
•
T
T +  TH =3 T2 +  H!
H«: -f- TH * . +  Hg
T -f  T =5 T2
-
dk K
T O °4H3 + S
+  c4 h3 kJ
W
By a p p ly in g  th e  s t e a d y  s t a t e  a p p ro x im a t io n ,e q u a t io n s  5*14 "teo 5*3.6. a re  
o b ta in e d .
d(C4H-3] / d t  =  fc jT H ) -  ^ [ C ^ l t T H ]  +  k6(T ] -  k ^ T H C ^ ]  =  0: -5 -1 4
d ( T ] / d t  =  1=2[C4H-3 ) [TH] -  k3 [T][TH;] +  k ^ t t ]  [T&] -  kg ]T] -  k ^ T j 2
■ - ^ [ ^ H j K T ]  =  0 - 5 - 1 5  "
d[H*]/dt =  k3 [T] [th] ~  k [ H‘] [TH] =  0 - 5 .1 6
Hence l ^ H j ]  =  IlJTH ]  -  k . [T ]  / 2 k 7 [ T ] .  S u b s t i t u t i n g  f o r  [ C ^ ]  in  5-14' 
g iv e s :
k5k ? [T]3 +  ( k ^  [TH] +  2-k6k7 )[T ]2 +  k^k^[TH] ( t ) -  k^kglTffi]2^  0 - 5 . 1 8
5*39 Below IOOOK i s  s m a l l ,h e n c e  th e  c o n c e n t r a t io n  o f  i s  small*,
t h e r e f o r e  th e  t e r m in a t io n  r e a c t i o n  7 can  he ig n o re d .  E q u a t io n  5*18 t h e n  
s i m p l i f i e s  t o  5*19*
kgk [TH][ T]2 -  k^kg [TH]2 = 0 - 5 - 1 9
5.24'
n & n u e  n j  — v * - ^ / /  l AIXJ &-*-v m g  m e  i  s u c  t J J L p x 'e o ts iu n o  i o r  i»ne  u j - uh—
iophene mechanism (see  p a ra g ra p h  5*9)*
5*40 At h ig h e r  t e m p e ra tu re s  th e  c o n c e n t r a t i o n  of becomes s i g n i f i c a n t .
I f  i t  i s  assumed t h a t  c r o s s —co m bina tion  of r a d i c a l s  i s  th e  p redom inan t 
t e r m in a t io n  r e a c t i o n , t h e n  r e a c t i o n  5 can be ig n o red  and e q u a t io n  5*18 
s i m p l i f i e s  t o  5*20
2 k g k ,[T ]2 +  k jk ^ T H H T ]  -  k ^  [TH]2 =  0 - 5 . 2 0
The s o l u t i o n  o f  5*20 w i l l  be 5.2-1.
[T] = [TH] ( k ^ . / l 6 k | +  k j k g A k g f c ^ ) 1 ' / 2 - .  k x / 4 k 6 -5 -21 '
In  e q u a t io n  5*21 s in c e  =sr k  and k~ i s  l a r g e  ( s in c e  r e a c t i o n  2 i s  a  p ro p -
' 2 2  1  faa g a t io n  s t e p )  th e n  k ^ k ^ / f e k ^ k ^ ^ - k ^ / lS k ^ h e n c e  [t ] =  ( k ^ k g ^ k g k ^ ) ■' [TH‘] .
T h e re fo re  th e  r a t e  of th io p h e n e  d is a p p e a ra n c e  w i l l  be:
-d [ T H ] /d t  =  ( ^ k j k g ^ k ^ 1/ 2 [TH] +  ^ ( k ^ Z ^ k . ) 1/ 2 ^ ] 2 -5 -2 2 '
S ince th e  d i s a p p e a ra n c e  of th io p h en e  i s  e x p e r im e n ta l ly  f i r s t - o r d e r  and 
b i th io p h e n e  p ro d u c t io n  which a c c o u n ts  f o r  th e  second—o r d e r  te rm  i s  a 
m inor f e a t u r e  of th e  r e a c t  ion  *5 *22 can be red u ced  t o  5 *12'. T h is  i s  th e
—d [TH]/ d t  =  ( k j k g k g / ^  J1/ 2 [TH] - 5 .1 2
r a t e  e x p r e s s io n  f o r  th e  r i n g  f i s s i o n  mechanism.
5 .41  At. h ig h e r  te m p e ra tu re s  th e  r a t e  of e v o lu t io n  of hydrogen w i l l  be :
d f H ^ / d t  = k ^ k ^ y f e k ^ ) 1/ 2 ~5*-23
T h e re fo re  in  th e  t r a n s i t i o n  from th e  b i th io p h e n e  t o  th e  r i n g  f i s s i o n  
mechanism th e  r a t e  of hydrogen e v o lu t io n  w i l l  be g iv en  by:
d ^ / d t  =  k3 (fc1/ k 5 J1' 2 [ TH] 3/ 2 ‘+  k3 (k 1^ / 2 k 6k7 J1/ 2 [TH]2 -5 -24 :
The s e c o n d -o rd e r  te rm  may w e ll  acco u n t  f o r  th e  c u rv a tu re  in? t h e  A rrh e n iu s  
p l o t  f o r  hydrogen e v o lu t io n  above 1050K. Using e s t im a te d  v a lu e s  of th e
5*25
xanc u uuo i» cm v o xo ucui uc ouunu wuckw w v ex. uuc ecuuauai*UX'uex' OCX Ui x-ix
e q u a t io n  5 .241 i s  g r e a t e r  th a n  th e  t h r e e - h a l v e s - o r d e r  term* Hence th e  mea­
su red  r a t e  c o n s ta n t  w i l l  be g r e a t e r  th a n  expected*
CONCLUSION
5.42  Thiophene has two p y r o l y s i s  mechanisms:
a* At low te m p e ra tu re s  (below IOOOK) t h e r e  i s  o n ly  a sm a l l  amount o f  
f i s s i o n  o f th e  th io p h e n e  r i n g ,h o w e v e r , t h i s  i s  s u f f i c i e n t  t o  i n i t i a t e
a. a i m e r i s a t i o n  r e a c t i o n  th e  p ro d u c ts  of which a re  b i th io p h e n e s  and 
hyd rogen . The f r e e —r a d i c a l  c h a in  mechanism which a c c o u n ts  f o r  th e  
observed  k i n e t i c s  i s  as f o l l o w s :
b .  At te m p e ra tu re s  above IOOOK f i s s i o n  of th e  th io p h e n e  r i n g  becomes 
s i g n i f i c a n t .  There a r e  a l a r g e  number of p ro d u c ts  a s s o c i a t e d  w i th  
t h i s  r e a c t i o n , t h e r e f o r e  i t  must be a complex p r o c e s s .  However a n  
app rox im ate  s o l u t i o n  which a c c o u n ts  f o r  most of th e  p ro d u c ts  q u a l i ­
t a t i v e l y  and some s e m i - q u a n t i t a t i v e l y  i s  as  f o l lo w s :
C :X  «+ TH- I  C H . +  T 4  3 4 4
T +  TH J t2 + . E  
k A
H +  TH =  T +  H^  
k
T +  T J  T2
C*H_ TI - f  T4 3
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A diagramatic representation of the two mechanisms is shown in Pig 5*1*-
o
C4 H4
O
+
C4 » 3
H  ►
> - S
o
H.
FIG 5 .1  CHAIN REACTIONS INVOLVED IK THIOPHENE PYROLYSIS
Note: F ig  5*1 shows th e  c y c l i c a l  n a tu r e  of th e  p ro p a g a t io n  r e a c t i o n s *  The 
h y d ro g e n -c h lo r in e  would be r e p r e s e n te d  a s :
HCt HCl 
CL
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G A S  P H A S E  R E A C T I O N S  O F  P H E N Y L  R A D I C A L S
CHAPTER 6 
INTRODUCTION
PREVIOUS WORK
6*1 Sources o f  Phen.yl R a d ic a ls  in  th e  Gas P h a se . Table 6*1 summarizes th e  
p y r o l y t i c  s o u rc e s  of pheny l r a d i c a l s  i n  th e  gas  p h a se .
TABLE 6 .1
Source De comp os i  t  i  on 
P ro d u c ts
Tem perature
K
R eferen ce
A l ly l  Benzoate 
A l l y l .  B e n z o a te /A l ly l
C^Hc ,C0 and C*H_6 5 2 3 5 763 1
P y ru v a te  m ix tu res  
Benzene/Carbon T e t r ­
as above 693 1
a c h lo r id e  m ix tu re s C^Hj. and C h lo ro -  
r a d i c a l s  .
793 1
Azobenzene C6H5 and N2 793 1 *2 '.
Benzyl Benzoate C6H5 ,C6H5£H2 and CO^ 962 • 3
Benzoyl Bromide C^Hj.,Br and CO 912 3
B e n z i l and CO 936 3 .
6 .2  Louw and R o th u izen  ( l )  g e n e ra te d  pheny l r a d i c a l s  from  s e v e r a l  s o u rc e s  
in  a. f lo w  sys tem  and r e a c t e d  them w ith  m o n o -s u b s t i tu te d  b e n z e n e s .  They used  
a l l y l  b e n z o a t e , a l l y l  b e n z o a t e / a l l y l  p y ru v a te  m ix tu r e s ,b e n z e n e /c a rb o n  t e t r a ­
c h lo r id e  m ix tu re s  and azobenzene as  pheny l r a d i c a l  s o u r c e s .  P y r o l y s i s  o f  
th e s e  s o u rc e s  w ith  th e  same s u b s t i t u t e d  benzene a l l  gave th e  same s u b s t i t u t e d  
b ip h e n y ls  as  p ro d u c ts  w i th  s i m i l a r  isom er d i s t r i b u t i o n s .  With th e  exception* 
of a z o b e n z e n e ,a l l  th e  s o u rc e s  gave more th a n  one r a d i c a l  s p e c i e s  on decom­
p o s i t i o n .  However th e s e  so u rc e s  were p r e f e r r e d  because  azobenzene was found  
t o  be to o  s t a b l e , a b o u t  50$ d e co m p o s i t io n  o c c u r in g  in  120 seco n d s  a t  793K. 
J a q u i s s  and Szwarc (3 )> w ith  a flow  sy s tem ,h av e  a l s o  examined s e v e r a l  s o u rc e s  
o f  ph en y l r a d i c a l s .  They found io d o b en zen e ,b ro m o b en zen e ,b en zy l  b e n zo a te
6 .1
Denzoyx Dronuae ana oenzix  t.o t»e s o u rc e s  01 pneny i r a d i c a l s .  Tney r e a c t e d  
th e s e  r a d i c a l s  w ith  to lu e n e  in  o rd e r  t o  d e te rm in e  w h e th er  a d d i t i o n , t o  th e  
benzene r i n g , o r  a b s t r a c t i o n , f r o m  th e  m ethyl g ro u p ^ p red o m in a te d ; th e  l a t t e r  
r e a c t i o n  was found to  p re d o m in a te .  The d e co m p o s it io n  of iodo  and bromobenzen 
were found t o  be c o m p lic a te d  by th e  p re sen c e  of ha lo g en  a tom s. B en z il  was 
found to  be th e  most c o n v en ie n t  so u rc e  s in c e  i t  r e a d i l y  decomposed t o  g iv e  
pheny l r a d i c a l s  and ca rb o n  monoxide, o n ly .  Hence b e n z i l  was chosen  as  th e  
pheny l r a d i c a l  so u rc e  f o r  t h i s  work.
6 .3  Rate  D a ta . I f  th e  A rrh en iu s  p a ra m e te rs  of an a d d i t i o n  r e a c t io n !  of p h en y l  
r a d i c a l s  i s  know n,then  i t  would be p o s s ib l e  t o  d e te rm in e  th e  r a t e s  of o th e r  
a d d i t i o n  r e a c t i o n s  of pheny l r a d i c a l s  by m easu ring  r e l a t i v e  r a t e  c o n s t a n t s .
A s e a rc h  o f  th e  l i t e r a t u r e  r e v e a le d  t h a t  no such  A rrh en iu s  p a ra m e te rs  have 
been d e te rm in e d .  The o n ly  d a t a  a v a i l a b l e  were two s e m i -e m p i r ic a l  e s t i m a t i o n s  
f o r  th e  a d d i t i o n  of ph en y l r a d i c a l s  t o  benzene by Louw and Lucas (4 ) and 
Peacock  (5)* The e s t i m a t i o n s  a re  in  c lo s e  agreem ent in  t h a t  l o g ^ A  was 
e s t im a te d  as  8*3 (4 ) and 8*4 (5 )  and th e  a c t i v a t i o n  e n erg y  a s  l6«7kJm ole ^ 
(4 ) and 22»2kJmole ^ ( 5 ) .  However th e s e  v a lu e s  were of l i t t l e  use  s in c e  i t  
was hoped t o  measure e x p e r im e n ta l ly  th e  A rrh e n iu s  p a ra m e te rs  f o r  t h i s  
r e a c t i o n .  The d a t a  was used  to  e s t i m a t e , v i a  r e l a t i v e  r a t e s , t h e  a c t i v a t i o n  
energy  f o r  th e  a d d i t i o n  o f phenyl r a d i c a l s  t o  th io p h e n e .
AIM OF PROJECT
6 .4  The aim of th e  p r o j e c t  was t o  d e te rm in e  th e  A rrh en iu s  p a ra m e te rs  f o r  th e  
a d d i t i o n  o f  pheny l r a d i c a l s  to  benzene and th io p h e n e .  These two r e a c t i o n s  
were chosen  b ecau se :
a .  The r e a c t i o n  o f  pheny l r a d i c a l s  w ith  benzene i s  th o u g h t  t o  be arr 
im p o r ta n t  r e a c t i o n  in  th e  p y r o l y s i s  of benzene ( 5 ) .
b .  In fo rm a t io n  ab o u t th e  r e a c t i o n  of pheny l r a d i c a l s  w i th  th io p h e n e  
cou ld  p ro v id e  an approx im ate  v a lu e  f o r  th e  a c t i v a t i o n  e n e rg y  of a d d i t i o n  
of th e  t h i e n y l  r a d i c a l  t o  th io p h e n e ,w h ic h  i s  an im p o r ta n t  r e a c t i o n  in  
th e  low te m p e ra tu re  p y r o ly s i s  o f  th io p h e n e  ( s e e  P a r t  i ) .
. '6 .2
u u  j l x j x h £ j  u j  j - i <  > m j i  j L ' j r n . x  -l
6 .5  P r e l i m in a r y  E x p e r im en ts# The f o l lo w in g  p r e l im in a r y  e x p er im en ts  were 
conducted :
a .  The p y r o l y s i s  of b e n z i l  in  o rd e r  t o  d e te rm in e  th e  A rrh en iu s  p a ra m e te r  
f o r  i t s  decom position*
b* The p y r o l y s i s  o f  b e n z i l  in  th e  p re sen c e  of n i t r i c  o x i d e , t o  see  i f  any 
p heny l r a d i c a l s  cou ld  be t ra p p e d  as  n i t r o s o b e n s e n e .
c .  The ex am in a t io n  o f p o s s i b l e  s o u rc e s  of t h i e n y l  r a d i c a l s  in  th e  gas 
phase*
6 .6  Rate M easurem ents . A ttem pts  were made t o  measure th e  f o l l o w in g  A rrh en iu s  
p a ra m e te rs  and r a t e s :
a .  The r e l a t i v e  r a t e  c o n s ta n t s  f o r  th e  a d d i t i o n  o f  ph en y l r a d i c a l s  t o  
ch lo ro b en zen e  and th io p h e n e .
b .  The a c t i v a t i o n  en erg y  f o r  th e  a d d i t io n  of phenyl r a d i c a l s  t o  th io p h e n  
and benzene*
c .  The r a t e  of e v o lu t io n  of b ip h e n y l  from  th e  p y r o l y s i s  of b e n z e n e , in  
o r d e r  t o  o b ta in  an i n d i r e c t  measurement of th e  a c t i v a t i o n  en e rg y  of 
th e  p heny l p lu s  benz-ene r e a c t i o n .
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6 .3
PRELIMINARY EXPERIMENTS
I N T R O D U C T I O N
7 .1  The aim of th e s e  p r e l im in a r y  ex p e r im en ts  was as  f o l lo w s :
a .  To d e te rm in e  th e  r a t e  a t  which b e n z i l  decomposed and th e  p ro d u c ts  
o f th e  r e a c t i o n .  A lthough  th e  A rrh e n iu s  p a ra m e te rs  f o r  th e  f i r s t -  
o rd e r  d e co m p o s i t io n  of b e n z i l  have been d e te rm in ed  ( l ) , i t  was found 
t h a t  b e n z i l  decomposed f a r  f a s t e r  th a n  th e  p u b l i s h e d  r a t e  p r e d i c t e d .
b .  To a t te m p t  t o  t r a p  pheny l r a d i c a l s , a s  n i t r o s o b e n z e n e ,w i th  n i t r i c :  
o x id e .  I f  t h i s  cou ld  be ach ieved  i t  was hoped t o  ex tend  th e  te c h n iq u e  
t o  th e  p y r o l y s i s  of th io p h e n e  to  d e te rm in e  some of th e  r a d i c a l  s p e c ie s  
p r e s e n t .
c .  To examine some p o s s i b l e  so u rc e s  of t h i e n y l  r a d i c a l s .  With a s u i t ­
a b le  so u rc e  o f  t h i e n y l  r a d i c a l s  a d e te r m in a t io n  of the  a c t i v a t i o n  
energy  of th e  a d d i t i o n  of th e  t h i e n y l  r a d i c a l  t o  th io p h en e  cou ld  be 
a t te m p te d .
EXPERIMENTAL
APPARATUS
7 .2  A flow  a p p a r a tu s  as d e s c r ib e d  in  C hap ter  3 was u s e d .  B e n z i l  vapour
was in t ro d u c e d  i n t o  th e  r e a c t i o n  v e s s e l  by p a s s in g  th e  c a r r i e r  gas  th ro u g h
a t r a p  c o n ta i n in g  b e n z i l  which was h ea te d  w i th  h e a t i n g  t a p e .  V o la t i l e
r e a c t a n t s  were in t ro d u c e d  i n t o  th e  r e a c t i o n  v e s s e l  as p r e v io u s ly  d e s c r ib e d
in  C h ap te r  2 .  N i t r i c  o x id e ,f ro m  a l e c t u r e  b o t t l e ,w a s  flow ed i n t o  th e  i n l e t
3 - 1gas  s t re a m  and i t s  f lo w r a te  m on ito red  on a 0—TOOcm min r o ta m e te r  made by 
G lass  P r e c i s i o n  E n g in e e r in g  L td .  The p ro d u c ts  were c o l l e c t e d  in  a t r a p  
c o o led  by c a r d i c e  and q u a n t i t a t i v e l y  re c o v e re d  f o r  a n a l y s i s  as  d e s c r ib e d  
in  C h ap te r  3.
X JL «b UAJJ
7*3 A ll  th e  p ro d u c ts  of th e  r e a c t i o n s  were ana ly sed  by g a s - l i q u i d  chrom at­
ography  (see  s e r i a l s  1 and 13 Table 1 Appendix 2 ) .  GLC mass sp ec tro m e t1r i c  
a n a l y s i s  was c a r r i e d  out u n d e r  th e  c o n d i t io n s  d e s c r ib e d  in  C hap ter  2 , w i th  
th e  above GLC c o n d i t i o n s ,
EXPERIMENTS
7*4 P y r o ly s i s  o f  B e n z i l* With th e  fu r n a c e  a t  a c o n s ta n t  te m p e r a tu r e ,  n i t r -
3 —1ogen a t  a f l o w r a t e  of 8 • 333cm s was bubbled  th ro u g h  th e  h e a te d  b e n z i l  
and p assed  i n t o  th e  r e a c t i o n  v e s s e l  th ro u g h  h ea ted  g l a s s  tu b in g *  No p ro ­
d u c ts  were c o l l e c t e d  f o r  th e  f i r s t  f i v e  m inutes  to  en su re  t h a t  th e  system  
a t t a i n e d  e q u i l ib r iu m *  P ro d u c ts  were th e n  t ra p p e d  f o r  t e n  m i n u t e s ,q u a n t i t ­
a t i v e l y  re c o v e re d  and a n a ly se d  by GLC* The te m p e ra tu re  of th e  fu rn a c e  was 
th e n  changed and the  p ro c e s s  r e p e a t e d .
7»5 P y r o ly s i s  of B enz il  w ith  N i t r i c  Oxide* N i t r i c  ox ide  was f e d  i n t o  th e  
c a r r i e r  gas  s t re a m  and th e  r e s u l t i n g  m ix tu re  bubbled  th ro u g h  th e  hea ted  
b e n z i l*  The n i t r i c  oxide f low  r a t e  was a p p ro x im a te ly  Icm^s ^ and t h a t  f o r  
th e  c a r r i e r  6*667cm^s The p ro d u c ts  were t ra p p e d  as  d e s c r ib e d  above (see  
p a ra g ra p h  7 * 2 ) .
7*6 P y r o ly s i s  o f  2-Bromo and 2 - I o d o th io p h e n e . F or s im p le  p y r o ly s e s  approx­
im a te ly  2mls of th e  s u b s t i t u t e d  th io p h e n e  was p la c e d  in  a trap ,w arm ed  w i th  
a h o t - a i r  b lo w er ,an d  n i t r o g e n  bubbled th ro u g h  i t *  F o r  l a t e r  e x p e r im en ts  
th e  c a r r i e r  gas was bubbled  th ro u g h  th io p h e n e  o r  benzene p r i o r  t o  th e  
s u b s t i t u t e d  th io p h e n e .  The 2 -b rom oth iophene  was s u p p l ie d  by Cambrian 
Chem icals L td .  The 2 - io d o th io p h e n e  was p re p a red  from th io p h e n e ,m e r c u r i c  
ox ide  and io d in e  j[2).
RESULTS
PYROLYSIS OF BENZIL
7*7 P ro d u c ts  o f . t h e  R e a c t io n . Table 7*1 summarizes t h e  p ro d u c ts  of th e  
r e a c t i o n , t h e i r  im portance  and how th e y  were i d e n t i f i e d .
. 7 . 2
A | • -L
P ro d u c t Im portance Method of I d e n t i f i c a t i o n
Minor Major Peak Enhancement GLC Mass Spec
Benzene + + +
S ty rene +
Xylenes + +
Toluene + + +
N aphtha lene + + ■+
B iphenyl + + +  •
Benzophenone + + +
m -Terphenyl ■f + +
p -T e rp h en y l + +
F ig  7*1 shows how th e  d i s t r i h u t i o n  of th e  m ajor p ro d u c ts  v a r i e s  w i th  
te m p e ra tu re*
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7.3
t r a t i o n  of b e n z i l  [A]0 ,.only th e  f i n a l  c o n c e n t r a t io n  [A]* However from  a 
knowledge of th e  p ro d u c ts  of th e  r e a c t i o n  i t  i s  p l a i n  t h a t :
[A] =  [Biphenyl] 4* [Benzophenone] 4- 1*5 [Terphenyl] 4- [a ]
Hence:
[A]0 / [ a] = ([Biphenyl] 4- [Benzophenone] 4- 1* 5 [Terphenyl])/[A ] 4* 1
The r e l a t i v e  GLC re sp o n se  f a c t o r s  of b iphen y l,b en zo p h en o n e  and te rp h e n y l  
t o  b e n z i l  can  be e a s i l y  d e te rm in e d , hence th e  above c o n c e n t r a t io n  term s can 
be r e p la c e d  by GLC peak  a r e a s .  Hence i t  was p o s s i b l e  t o  d e te rm in e  [a]0 / [ a] 
and t h e r e f o r e  [a] / [ a] 0 . T ab le  7*2 g iv e s  th e  r e s u l t s  o b ta in e d  and Pig . 7*2 
th e  A rrh en iu s  p l o t  o b ta in e d  from  th o se  r e s u l t s .
2
SLOPE = -25305
INTERCEPT = 32-157
- 3
CORRELATION = -0 -9 9 9
U
E = 210*4 kJmole
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LOGA = 13*97
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FIG 7 .2  ARRHENIUS PLOT FOR THE DECOMPOSITION OF BENZIL 662-736K
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7*9 The p r o d u c ts  from th e  p y r o l y s i s  of b e n z i l  in  th e  p re se n c e  of n i t r i c  
ox ide  were i d e n t i c a l  w i th  th o s e  from th e  p y r o ly s i s  of b e n z i l , w i t h  th e  
e x c e p t io n  t h a t  t r a c e s  of p y r i d i n e 'a n d  b e n z o n i t r i l e  were a l s o  fou n d .
PYROLYSIS OF 2-BROMO AND 2-IODOTHIOPHENE
7*10 Both 2-bromo and 2 - io d o th io p h e n e  were found t o  be l e s s  s t a b l e  th a n  
th io p h e n e .  The p ro d u c ts  o f  th e  r e a c t i o n  v a r ie d  w i th  te m p e ra tu re  and were 
as  f o l l o w s :
a .  At. low er t e m p e r a t u r e s ,,of th e  o rd e r  of' 900K > th e  p r i n c i p a l  r e a c t i o n  
p ro d u c ts  ware b e n z o th i o p h e n e ,2 ,2 ‘—b i th io p h e n e  and h a lo g e n a te d  b i t i i i o — 
p h e n es .  Minor p ro d u c ts  were n o t  i n v e s t i g a t e d .
b .  At h ig h e r  te m p e ra tu re s ^ o f  th e  o rd e r  of I0 5 0 K ,th e  p y r o l y s i s  p ro d u c ts  
in c lu d in g  g a se s  were i d e n t i c a l  w i th  th o se  of th io p h e n e rno h a lo g en a te d  
b i th io p h e n e s  b e in g  reco v e re d  and a l l  t h r e e  isom ers  of b i th io p h e n e  
b e in g  fo rm ed . The f a t e  of th e  h a lo g en  appeared  to  be hydrogen  io d id e  
or b ro m id e ,s in c e  th e  e x i t  g ases  tu rn e d  s i l v e r  n i t r a t e  s o l u t i o n  c lo u d y .  
Bromovand io d o th io p h e n e  do n o t  r e a c t  w ith  s i l v e r  n i t r a t e .
7 .11  2-bromo and 2 - io d o th io p h e n e  when p y ro ly se d  a t  920K in  th e  p re se n c e  of 
e x c e s s  th io p h e n e  or benzene produced  th e  fo l lo w in g ;  .m ajor p r o d u c ts :
a* With th io p h e n e  2 , 2 ’— and 2 * 3 ‘—b i th io p h e n e  were produced  i n  eq u a l
q u a n t i t i e s .  No 3 ,3  - b i t h io p h e n e  was o b se rv ed .
b .  With benzene 2—- and 3 -p h e n y l th io p h e n e s  were form ed w i th  an isom er 
d i s t r i b u t i o n  of 70s 30 r e s p e c t i v e l y .
PYROLYSIS OF BENZIL
7 .12  The r o u t e  by which b e n z i l  decomposes proposed  by J a q u i s s  (3 )  was:
DISCUSSION
k.1 k2-
c6H5C0G0C6H5 2C6Hj-CO
benzophenone among th e  p ro d u c ts  s u g g e s t s  th e  e x s i s t e n c e  of th e  r a d i c a l  
C^H^CO. The o v e r a l l  mechanism would a p p e a r  t o  be:
k l  -  *2 •CgHjCOCOCgH^ =-*• CgH CO — 1 * .  CgHj 6E5 2
CgE5 ° 0CgH5 ( C6H5>3
7*13 The observed  p ro d u c t  d i s t r i b u t i o n  w i th  te m p e ra tu re  (P ig  7*1) a l s o
s u p p o r t s  t h i s  mechanism. At- low te m p e ra tu re s  th e  o n ly  p ro d u c ts  a re  b ip h e n y l
and benzophenone in  ro u g h ly  equal q u a n t i t i e s .  No t e r p h e n y l  i s  produced
s i n c e  th e  c o n c e n t r a t i o n  of b ip h e n y l  i s  low and th e  ciiance o f  a  pheny l
r a d i c a l  c o l l i d i n g  w i th  a  b ip h e n y l  m olecu le  i s  c o r r e s p o n d in g ly  low.. As th e
te m p e ra tu re  i s  in c re a s e d  th e  b ip h e n y l  and benzophenone y i e l d s  i n c r e a s e ,  th e
fo rm er  more th a n  th e  l a t t e r .  This i n d i c a t e s  t h a t  th e  c o n c e n t r a t i o n  o f  
* •
C^Hj-CO i s  l e s s  th a n  th e  c o n c e n t r a t io n  o f  C^H^,which would be e x p ec ted  i f
r e a c t i o n  2 i s  f a s t .  With i n c r e a s in g  te m p e ra tu re  te r p h e n y ls  s t a r t  t o  be
produced  s i n c e , w i t h  th e  in c re a s e d  b ip h e n y l  c o n c e n t r a t i o n , t h e  chance o f  a-
c o l l i s i o n  between phenyl and b ip h e n y l  i s  now more l i k e l y .
7*14' The r e s u l t s  in  Table  7*2 can be used  to  d e m o n s tra te  t h a t  r e a c t i o n  I  
i s  th e  r a t e  d e te rm in in g  s t e p .  Since* i n i t i a t i o n  must eq u a l  t e r m in a t io n  t h e n  
w i th  k ^ »  k^:
\
k jJB e n z i l ]  =  k3 (CgH5] 2 +- ^ [C g H ^ ]  [CgH^o] +  k^C gH ^] [ (CgH^).*]
I f  i t  i s  assumed th a t :  p r o v id in g  th e  e x t e n t  of r e a c t i o n  i s  low
d [ P r o d u c t ] / d t  ^  [ P r o d u c t ] / A t ,
where A t  i s  th e  r e s id e n c e  tim e th e n :
* ! =  ([(C gH jJgJ +  [CgH5COCgH5] +  [(CgH5 ) 3] ) / A t [ B e n z i l ]
T able  7*2 c o n ta in s  th e  v a lu e s  of th e  te rm s [P ro d u c t ] /  [B e n z i l ] . S u b s t i t u t i n g  
th e s e  v a lu e s  i n t o  th e  above e q u a t io n  and d i v i d i n g  by A t  g iv e s  th e  c o r r e c t t  
v a lu e  f o r  k ^ .  Hence r e a c t i o n  I  i s  th e  r a t e - d e t e r m i n i n g  s t e p  and t h e r e f o r e  
th e  measured a c t i v a t i o n  energy  (2T0*4kJmole~^) i s  th e  carbon—c a rb o n  bond 
en ergy  in  b e n z i l .  This v a lu e  and th e  v a lu e  o f  logA =  14*0 o b ta in e d  in  t h i s  ^
7*7
do n o t  ag ree  w i th  th e  p r e v i o u s l y  measured v a lu e s  of E =  277*8kJmole ^ and 
logA =  16*3 o b ta in e d  by J a q u i s s  (4)* T his  c o rre sp o n d s  t o  a  d i f f e r e n c e  of 
two o rd e r s  of m agnitude a t  JOOK, J a q u i s s  has n e v e r  p u b l i s h e d  th e  d e t a i l s  
of h i s  measurement*
PYROLYSIS OF BENZIL WITH NITRIC OXIDE
7*15 S ince no n i t r o s o b e n z e n e  was found among th e  p ro d u c ts  of th e  r e a c t i o n  
and on ly  t r a c e s  of p y r id i n e  and b e n z o n i t r i l e , i t  seems t h a t  a t  893K few. 
ph en y l r a d i c a l s  were t r a p p e d  by n i t r i c  o x id e .  Some n i t r o s o b e n z e n e  was 
p ro b a b ly  formed s in c e  Meyerson ( 5 ) ' r e p o r t s  t h a t  on p y r o ly s in g  n i t r o s o b e n z e n e  
a t  973K he found  b e n z o n i t r i l e  p lu s  many o th e r  n i t r o g e n  compounds;however 
he f a i l e d  t o  f i n d  p y r i d i n e .  F u r th e r  a t te m p ts  t o  t r a p  r a d i c a l s  w i th  n i t r i c  
oxide  were abandoned.
PYROLYSIS OF 2-BROMO AND 2-IODOTHIOPHENE
7 .1 6  From th e  r e a c t i o n  p ro d u c ts  of th e  low te m p e ra tu re  p y ro ly s e s  and th o se  
from  the  p y r o ly s e s  in  th e  p re sen c e  of excess  th io p h e n e  and b e n z e n e , i t  seems 
t h a t  2-bromo and 2—io d o th io p h e n e  p roduce  2 - t h i e n y l  r a d i c a l s .  T h is  was 
e x p ec ted  s in c e  th e  w eakest bond in  th e  m o lecu les  i s  th e  c a rb o n -h a lo g e n  - 
bond* No v a lu e s  f o r  th e s e  bond e n e r g ie s  a re  a v a i l a b l e ,h o w e v e r , t h e y  must be 
l e s s  th a n  o r eq u a l  t o  th e  v a lu e s  f o r  s i m i l a r  bonds in  h a lo g e n a te d  benzenes*. 
F o r  bromobenzene and iodobenzene th e s e  a re  326*4 and 267*8 kJm ole"^ r e s p e c ­
t i v e l y  ( 6 ) .  Both compounds were found t o  be to o  s t a b l e  t o  p r o v id e  a - s o u rc e  
of t h i e n y l  r a d i c a l s  t o  r e a c t  w i th  th io p h e n e ;a t  th e  te m p e ra tu re s  a t  which 
th e y  decompose th io p h e n e  a l s o  decomposes*
7*17 The r e a c t i o n  p ro d u c ts  o f  th e  h ig h e r  te m p e ra tu re  p y ro ly s e s  were id e n ­
t i c a l  w i th  th o s e  of th io p h e n e  p y ro ly se s*  The p ro d u c t  d i s t r i b u t i o n , h o w e v e r ,  
was d i f f e r e n t  i n  t h a t  th e  y i e ld  o f  r i n g  - f i s s io n '  p r o d u c ts  was t h r e e  t im e s  
t h a t  observed  f o r  th io p h e n e .  This  s i m i l a r i t y  o f  p ro d u c ts  p r o v id e s  l i m i t e d  
ev id en ce  f o r  th e  p roposed  r i n g  f i s s i o n  mechanism of th io p h e n e  (se e  P a r t i  
C h ap te r  5)* A ll  t h r e e  isom ers  of b i th io p h e n e 'w e r e  produced  which may 
i n d i c a t e  t h a t  th e  2—t h i e n y l  r a d i c a l  can is o m e r is e  t o  th e  3—t h i e n y l  r a d i c a l .
7 .8
1* R .K .S o lly  and S.W.Benson J Am Chem Soc 2 2  1592 (1971 )•
2 .  W.Minns Org Syn C oll Vol 2 357 (1943) .
3 .  M .T .Jaquiss and M.Szwarc Nature 170 312 (1952).
4 .  M .T .Jaquiss PhD T hesis U n iv e r s ity  of Manchester (1 9 5 3 ) .
5.  S.M eyerson J Org Chem 38 2447 (1 9 7 3 ) .
6 .  S.W.Benson Thermochemical K in e t ic s  W iley (1976) p309.
7.9
RATE MEASUREMENTS
INTRODUCTION
8.T  Attem pts were made to  measure the fo llo w in g :
a .  The r e l a t i v e  r a t e  c o n s t a n t s  f o r  th e  a d d i t i o n  of pheny l r a d i c a l s  t o  
ch lo ro b e n ze n e  and th io p h e n e .  C hlorobenzene was chosen  because  th e  add­
i t i o n  product:,, c h io r o b ip h e n y l , could  be d i s t i n g u i s h e d  from  b ip h e n y l  which: 
i s  formed by th e  c o m b in a tio n  of p heny l r a d i c a l s .
b .  The r a t e  of e v o lu t io n  of b ip h e n y l  from  benzene p y r o l y s i s , t o  o b ta in i  
an i n d i r e c t  measurement o f  th e  a c t i v a t i o n  energy  f o r  th e  a d d i t io n ;  of 
pheny l r a d i c a l s  t o  benzene .
c .  The i n d i v i d u a l  a c t i v a t i o n  e n e r g ie s  f o r  the  a d d i t i o n  of ph en y l r a d i c a l s  
t o  benzene and th io p h e n e .
EXPERIMENTAL
APPARATUS AND ANALYTICAL TECHNIQUES
8 .2  The a p p a r a tu s  and a n a l y t i c a l  te c h n iq u e s  used were th o s e  d e s c r ib e d  in  
C h ap te r  7*
EXPERIMENTS
8 .3  R e l a t iv e  R ate  C o n s ta n t s . With th e  f u r n a c e  a t  a c o n s ta n t ,  t e m p e ra tu re
on i t r o g e n  was bubb led  th ro u g h  c h lo ro b en zen e  and th io p h e n e ^ m a in ta in e d  a t  0 C,
3 —1 3 —1a t  8*333cm s and 1*667cm s r e s p e c t i v e l y .  The gas  s t re a m s  were j o in e d
and f e d  i n t o  a  h e a te d  t r a p  c o n ta i n in g  b e n z i l , a n d  th e  r e s u l t i n g  m ix tu re  of
g a se s  p a ssed  v i a  h e a te d  g l a s s  tu b in g  i n t o  th e  r e a c t i o n  v e s s e l .  A f t e r  f i v e
minutes-', t h e  sy s tem  had a t t a i n e d  e q u i l i b r iu m  and th e  p ro d u c ts  were th e n
t r a p p e d  f o r  one hou r in  an i c e  coo led  t r a p  fo l lo w ed  by a so lv e n t ,  t r a p  (see
C h ap te r  2 )  c o n ta i n in g  d i e t h y l  e t h e r .  The i n l e t  c o n c e n t r a t i o n s  o f  th io p h e n e
and ch lo ro b en zen e  were d e te rm in e d  a t  f i v e  m inute i n t e r v a l s  w i th  a  2*5cm^
H am ilton  gas s y r in g e  and th e  GLC c o n d i t io n s  g iven  in  s e r i a l  2 T ab le  I
8 .1
a n a ly s e d  by GLC (se e  s e r i a l  1’ Tab le  1 Appendix 2 ) .  The te m p e ra tu re  of th e  
fu r n a c e  was th e n  changed and a n o th e r  d e te r m in a t io n  made# F o r th e  c a l i b r a ­
t i o n  of GLC and th e  d e te r m in a t io n  of r e l a t i v e  re sp o n se  f a c t o r s , s a m p l e s  of 
2 -p h e n y l th io p h e n e  ( l )  and 2 - c h lo r o b ip h e n y l  (2 )  were p repared#
8 .4  Benzene P y r o l y s i s . The e x p e r im e n ta l  method used f o r  p y r o ly s in g  benzene 
was t h a t  d e s c r ib e d  f o r  th io p h e n e  in  C h ap te r  3* The benzene was k e p t  a t  a.. 
c o n s t a n t  te m p e ra tu re  of 13°C w i th  a  t h e r m o s ta t t e d  w a te r  b a th .  The p ro d u c ts  
were q u a n t i t a t i v e l y  a n a ly s e d  by GLC (see  s e r i a l s  3 and 41 Table 1 Appendix 
2 ) .
8 .5  The R e a c t io n  of B en z i l  w i th  Benzene and Thiophene. With th e  f u r n a c e  a t  
a c o n s ta n t  t e m p e r a t u r e ,n i t r o g e n  at. 8*333cm^s~^ was p a sse d  th ro u g h  th io p h e n e
Q O
a t  0 C o r  benzene a t  13 C. The gas s t re a m  was th e n  p a s s e d  th ro u g h  a h ea ted  
t r a p  c o n ta i n in g  b e n z i l  and th e  r e s u l t i n g  m ix tu re  of g a se s  p a ssed  i n t o  th e  
r e a c t i o n  v e s s e l  v i a  h ea te d  g l a s s  t u b in g .  A f t e r  f i v e  m inu tes  th e  sy s tem  had 
a t t a i n e d  e q u i l ib r iu m  and th e  p ro d u c ts  were th e n  t r a p p e d  f o r  e x a c t l y  ten- 
m inu tes  in  a t r a p  coo led  in  c a r d i c e .  The p ro d u c ts  were th e n  c o n c e n t r a t e d  
f o r  q u a n t i t a t i v e  a n a l y s i s  ( see  C h ap te r  3 )  and a n a ly se d  by GLC (s e e  s e r i a l s  
1 and 3 Table  I1 Appendix 2 ) .  The amount of th io p h en e  o r benzene r e a c t e d  was 
d e te rm in ed  by w e ig h in g  th e  t r a p  c o n ta in in g  them b e fo re  and a f t e r  th e  ex p er­
im e n t .  The te m p e ra tu re  o f  th e  f u r n a c e  was th e n  changed and a n o th e r  d e t e r ­
m in a t io n  made. Two methods were used t o  r e g u l a t e  th e  amount; o f b e n z i l  py ro— 
ly s e d :
a .  F o r  th e  r e a c t i o n  w ith  th io p h e n e , th e  b e n z i l  t r a p  was n o t  la g g e d  and 
t h e r e f o r e  i t s  te m p e ra tu re  was n o t  c o n s t a n t .  The q u a n t i t y  o f  b e n z i l  b e in g  
p y ro ly s e d  was e s t im a te d  by a n a ly s in g  th e  e x i t  g a se s  f rom  th e  r e a c t i o n  
v e s s e l  f o r  carbon  monoxide ( s e e  s e r i a l  14 Table 1 Appendix 2 ).^which i s  
a  measure of th e  amount o f  b e n z i l  which has decomposed (3)#
b .  F o r  th e  r e a c t i o n  w i th  benzene th e  b e n z i l  t r a p  was i n s u l a t e d  w i th  
g l a s s  f i b e r  t o  keep i t s  te m p e ra tu re  c o n s t a n t .  The e x p er im en t was comp­
l e t e d  i n  as  s h o r t  a tim e as  p o s s ib l e  t o  en su re  t h a t  th e  c o n d i t i o n s  
rem ained  c o n s t a n t .  The amount of b e n z i l  b e in g  decomposed was e s t im a te d  
by m easu r in g  th e  b ip h e n y l  y i e l d  w ith  and w i th o u t  benzene a t  84*5^*.
8 .2
RELATIVE RATE CONSTANTS
8 .6  The r e l a t i v e  r a t e  c o n s ta n t s  f o r  th e  two r e a c t i o n s :
ktC ,S L +  C .H-.S =T C^HLC ,ff ,S  +• B o p  4 4 0 5 4 3
and k
c6H5 +  C6h5C1 = b c6h5c6H4 C1 +  H
can be c a l c u l a t e d  from  th e  f o l lo w in g  r a t e  e q u a t io n s :
d lC 6H5C4H3Sl / d t  =  kt [C6H5 H c4H4S] “ 8 - 1:
d[C6H5C6H-4:C l ] / d t  =  kc b [C6H^][C6H5Cl] - 8 . 2
Hence d i v i d i n g  8 .1  by 8 .2  and i n t e g r a t i n g  
■ 1C6h 5C4H3S] [c6H5c l ] / [ C 6H5C6H4Cl] t c4H4 s] = V kcb
Table  8 .1  g iv e s  th e  r e s u l t s  o b ta in e d :
TABLE 8 ; i .
T em perature
K
V kO*
1078 2*178
1141 2*198
1203 2*117
BENZENE PYROLYSIS
8 .7  The r e s u l t s  o b ta in e d  from  th e  p y r o l y s i s  o f  benzene a re  g iv en  i n  Table  
8.2-. P i g  8 .1  shows th e  A rrh en iu s  p l o t  o b ta in e d  from  t h e s e  r e s u l t s .  The p lo t ,  
i s  c u rv e d  above 882K b u t  l i n e a r  from  815 t o  882’K.. The c a l c u l a t e d - A r r h e n iu s  
p a ra m e te r s  a re  f o r  t h i s  r e g io n .
xjxjjxjci «-»•£
S e r i a l Tem perature
K
R esidence  Time 
A t  Seconds
[Benzene] 3/ 2 X 10^ 
m oles3' 2 l ~ 3/ 2
[Biphenyl] X 106 
moles I  ^
I 815 8 • 5506s 1*4708 0*8989;
2 831 8*3859 1*5248 1*8068
3 846 8*2373 1*4269 , 3*0774
4 854 8*1601 1*4434 5*6902
5 862 8*0844 1*4300 6*3466
6 872 ' 7*9916 1*4032 9 *8169
7 882 7*9010 1*4708 12*9390
8 893 7*8037 1*4703 12*3960
9 915 7*6161 1.4434 28*8600
10 935 7*4532 1•5661 39*1500
11 954 7 *3047 1*4434 54-* 7I;00
SLOPE = -30511
r-J I NTERCEPT = 30*200- U
UJ
z
UJr-j
Zus
CORRELATION = -0*996
- 5<
>~
z
UJ
Xa.
tn
E= 253*7 kJ mole
c
1*21*11*0
1/T  X 103 k”1
FIG 8 .1  ARRHENIUS PLOT FOR THE EVOLUTION OF BIPHENYL FROM BENZENE PYROLYSIS
8 .4« '
8 .8  R e a c t io n  o f  B en z i l  w i th  T hiophene . The r e s u l t s  o b ta in e d  from  th e  r e a ­
c t i o n  o f  b e n z i l  w i th  th io p h en e  a re  g iv e n n in  Table 8 .3# The y i e l d s  o f  benzo— 
th io p h e n e  in  s e r i a l s  1' t o  4 were to o  low to  be measured q u a n t i t a t i v e l y .  
I n t e r p r e t a t i o n  of th e s e  r e s u l t s  w i l l  be d e lay ed  u n t i l  th e  d i s c u s s i o n  s e c t io n ;  
of t h i s  c h a p te r .
8 .9  R e a c t io n  of B e n z i l  w ith  Benzene. The r e s u l t s  o b ta in e d  from  th e  r e a c t i o n
of b e n z i l  w i th  benzene a re  g iv e n  in  Table  8 . 4 . The amount of b e n z i l  decom-
—5
posed on each  ru n  was e s t im a te d  as  11*6 X 10 m oles . I n t e r p r e t a t i o n  o f  
th e s e  r e s u l t s  w i l l  be d e lay e d  u n t i l  th e  d i s c u s s i o n  s e c t i o n  o f  t h i s  c h a p te r .
ISOMER DISTRIBUTIONS
8 .1 0  The d i s t r i b u t i o n  of isom ers  in  the  p ro d u c ts  of hom oly tic .  a ro m a t ic  
s u b s t i t u t i o n  d i f f e r  w id e ly  dep en d in g  on w he ther  th e  r e a c t i o n  was c a r r i e d  
out i n  s o l u t i o n  o r  in  th e  gas p h a se .  A l i t e r a t u r e  su rv e y  was made of th e  
r e c o rd e d  isom er d i s t r i b u t i o n s .  These a re  g iv en  in  T ab les  8 .5  and 8 -6  w ith ' 
th e  isom er d i s t r i b u t i o n s  from  t h i s  work. Table 8 .5  c o n ta in s  isom er d i s t r i ­
b u t io n s  f o r  s u b s t i t u t e d  benzenes and Table 8 .6  isom er d i s t r i b u t i o n s  f o r  
th io p h e n e s .
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RELATIVE RATE CONSTANTS
8 .11  The r e s u l t s  from th e  r e l a t i v e  r a t e  measurements (see  Table  8 ,1 )  
i n d i c a t e  t h a t  th e  r a t e s  o f  r e a c t i o n  of th e  pheny l r a d i c a l  w i th  th io p h en e  
and c h lo ro b e n ze n e  a re  s i m i l a r  over th e  te m p e ra tu re  range  IO78 t o  I203K.
T h is  means t h a t  th e  a c t i v a t i o n  e n e r g ie s  and p r e —e x p o n e n t i a l  f a c t o r s  f o r  th e  
two r e a c t i o n s  a r e  s i m i l a r .  I t  i s  p o s s i b l e  t h a t  th e  a c t i v a t i o n  energy  f o r  
th e  a d d i t io n -  of phenyl t o  ch lo ro b en zen e  w i l l  be s i m i l a r  to  t h a t  f o r  th e  add­
i t i o n  o f  p heny l t o  benzene ,.s ince  in  th e  gas phase  e l e c t r o n i c  e f f e c t s , i n  hom- 
o l y t i c  a ro m a t ic  s u b s t i t u t i o n , d u e  t o  th e  s u s t i t u e n t  ( c h l o r i n e )  seem t o  be
7
i n s i g n i f i c a n t  compared t o  s t e r i c  e f f e c t s  (see  p a ra g ra p h  8 . 2 7 ) .  Where th e  
s t e r i c  e f f e c t  i s  much l a r g e r  th a n  t h a t  due t o  c h lo r in e  th e  i n c r e a s e  i n  a c t ­
i v a t i o n  en erg y  and p r e - e x p o n e n t i a l  f a c t o r  i s  sm a l l  (see  p a ra g ra p h  £Ll'8).
I f  t h i s  i s  so  th e n  th e  a c t i v a t i o n  energy  f o r  th e  a d d i t i o n  o f  pheny l t n  
th io p h e n e  would be s i m i l a r  t o  t h a t  f o r  th e  a d d i t i o n  of ph en y l t o  benzene , 
p ro b a b ly  w i th in  1 kJmole
BENZENE PYROLYSIS
8 .12  Peaacck  ( l 2 :) s t u d i e d  th e  p y r o l y s i s  of benzene ove r  th e  te m p e ra tu re  
ran g e  885 t o  1020K. Prom h is  r e s u l t s  he p roposed  th e  f o l lo w in g  mechanisms
C6H6
1
C6H 5 + H<
h + c6h6 C6H5 + H2'
c6b 5 + C6H6 C12H10 +  H
C6h5 + C6H5 C12H10
A pp ly ing  th e  s t e a d y  s t a t e  t r e a tm e n t  t o  th e  above m ech an ism ,p ro v id in g  th e  
c h a in s  a re  long ,ogives:
d[H2] / d t ‘ .= d [C12H10] / d t  =  fc3 (k1/ k 5 )1/ 2 [c6H6 ] 3/ 2 - 8 . 3
8.8
reauuu*. uiettauxeru uue rate  ux evuxunun 01 nyarogen ana IOUDQ xnat:
d [H g ] /d t  =  109 *38 e ip ( - 2 2 5 ' l /B T ) [ C 6H6] 3' 2 -8.45
The A rrh e n iu s  p l o t  was s l i g h t l y  curved  and th e  measured a c t i v a t i o n  energy  
was s l i g h t l y  low f o r  th e  v a lu e  p r e d i c t e d  hy th e  mechanism*
8 ,1 3  The A rrh e n iu s  p l o t  f o r  th e  e v o lu t io n  o f  b ip h e n y l  from  benzene p y r o l y s i s  
(see  F ig  8 . 1 )  was l i n e a r  over th e  te m p e ra tu re  range  815 t o  882K* Above 882K 
th e  b ip h e n y l  y i e l d  was low er th a n  ex p ec ted  i n d i c a t i n g  t h a t  a t  th e s e  tem per­
a t u r e s  some o f th e  b ip h e n y l  was decom posing in  th e  r e a c t i o n  v e sse l* .  From th e  
l i n e a r  r e g io n  o f  th e  p l o t  i t  was found t h a t :
d ^ H ^ l / d t  =  1013 ' 12 exp(-253-7/KT)[CgH6 ] 3/ 2 - 8 .5
Hence s in c e  E ^ =  0 >253*7 =  E^ +  With E  ^ =  464*4; k J  moIe~^ (s e e  Append
d ix  3 )  E^ =  21*5 kJ mole \  This i s  c lo s e  t o  one of th e  t h e o r e t i c a l l y  p re d ­
i c t e d  v a lu e s  (see  Appendix 3)* Taking  th e  e s t im a te s  o f ‘ logA^ =  15*7 and 
logAj. =  9*2 from  Appendix 3*g ives  logA , =  9*9* This v a lu e  i s  s i g n i f i c a n t l y  
h ig h e r  th a n  th e  t h e o r e t i c a l l y  p r e d ic t e d  v a lu e  o f  8 *3 *
REACTION. OF BENZIL WITH BENZENE
8*14 From th e  mechanism f o r  benzene p y r o l y s i s  (see  p a ra g ra p h  8*12) th e  
mechanism f o r  th e  r e a c t i o n  of pheny l r a d i c a l s , g e n e r a t e d  from  b e n z i l* w i th  
benzene sh o u ld  be as f o l l o w s :
B en z il  (B) = 6 ** 6 * 5
c6e 5 +  c6H6 = 3 C12HI 0 +  E
& +  c6h6 & C6H5 +  %
C6H5 +  C12H10 Cl 8 H1 4 +  H
C6h5 +  c6h5 =5
The s t e a d y  s t a t e  t r e a tm e n t  of t h i s  mechanism g iv e s :
d lC12H10^/dt =  k3 ( W  [ c6H6] 4- kglB] -8 .6
Since  r e a c t i o n  6 i s  f i r s t - o r d e r  [b] =  [B-]oexp(—k ^ t )  where [b ]0 and [b ] a re  
th e  i n i t i a l  c o n c e n t r a t i o n  and c o n c e n t r a t i o n  a t  tim e ft. o f  b e n z i l .  S u h s t i tu f t in  
f o r  [b ] in  e q u a t io n  8 .6  and i n t e g r a t i n g  between th e  l i m i t s  ft — 0 and ft. s  A t  
( th e  r e s id e n c e  t im e )  g iv e s :
[C^H j q ] =  2 ( k | / ' k 6k5 )1/ 2 [ B ^ f a g H g - K l - e i p t - k g  A t / 2 ’] > .
+  lB]o ( l-ex p l-k g A U ] ) -8 .7
Since  th e  v a lu e  of k^ can  be c a l c u l a t e d  (see  C hap te r  7 )  i t  can  be shown th a t ,  
u n d e r  th e  r e a c t i o n  c o n d i t io n s  ( l —e x p l-k ^  A t / 2  ] ) ^  ( l —e x p t - k ^ A f t ] )  ^  I* 
T h e re fo re  e q u a t io n  8 .7  red u c es  t o :
lC12H10  ^ =  2 (k3 /k6k5 ) l/2  K l/2  tC6H6] 4  H  ~8 - 8
T h e re fo re  a-, p l o t  of I n  [ ( [ C12Hl o ] - l B ] 0 ) /2  [CgHg] [b ] ^ ^ J  v s  l / T  shou ld  have a  
s lo p e  of —-(2E^— )/2R s in c e  E^ = 0 .  E^ = 210*4 k J  mole ^ (see  C hap ter  7 )  
and E^ = 2 1 * 5  kJ  mole  ^ ( s e e  p a ra g rap h  8 .1 3 )  hence th e  s lo p e  of th e  g rap h  
sh o u ld  be + 83*7/R* T h e re fo re  th e  y i e l d  of b ip h e n y l  shou ld  d e c re a se  w ithi 
i n c r e a s i n g  te m p e r a tu r e .  T h is  i s  c l e a r l y  a t  odds w i th  th e  e x p e r im e n ta l  r e s ­
u l t s  where th e  b ip h e n y l  y i e l d  i s  i n c r e a s i n g  w i th  i n c r e a s i n g  te m p e ra tu re .
The anomaly s t i l l  e x i s t s  even i f  th e  r a t e  c o n s ta n t s  a re  o n ly  of th e  c o r r e c t  
o rd e r  o f  m agn itude .
8 .1 5  ^be above f a i l u r e  to  e x p la in  th e  e x p e r im e n ta l  r e s u l t s  was th o u g h t  t o  be 
due to  th e  ap p ro x im a tio n s  in h e r e n t  in  th e  s t e a d y  s t a t e  t r e a t m e n t .  T h e re fo re  
th e  mechanism was m odelled  on a com puter t o  e l im i n a t e  i th e s e - a p p r o x im a t io n s .  
The programme was s u p p l ie d  by B r i t i s h  Gas. With th e  r e a c t a n t s , t h e i r  concen­
t r a t i o n s , . t h e  te m p e ra tu re  and th e  r e a c t i o n s  w i th  t h e i r  A rrh e n iu s  p a ra m e te r s *  
th e  com puter p r e d i c t e d  th e  y i e ld  of th e  p r o d u c t s .  The r e s u l t s  were th e  same 
as th o s e  p r e d i c t e d  by th e  s te a d y  s t a t e  t r e a t m e n t .  S e v e ra l  a l t e r n a t i v e  mecha­
n is m s ,w i th  d i f f e r e n t  com bina tions  of b im o le c u la r  t e r m in a t io n  r e a c t i o n s ,w e r e  
m o d e lled .  T h e ' r e s u l t s  were th e  s a m e , in  t h a t  th e  b ip h e n y l  y i e l d  was p r e d i c t e d  
t o  d e c re a s e  w ith  i n c r e a s i n g  t e m p e ra tu re .
8 .16  I t  is -  p o s s ib l e  t o  e x p la in  th e  e x p e r im e n ta l  r e s u l t s  i f  th e  t e r m in a t io n  
r e a c t i o n  i s  f i r s t - o r d e r  and pe rhaps  h e te ro g e n e o u s .  R ep lac in g  r e a c t i o n  5 by 
r e a c t i o n  8 where:
8.10
w J
g iv e s  d[C12H10] / d t  =  2 ( k ^ / k g )  [C6H6 ] [B] e x p ( -k 6t )  + k6 [b] e x p ( -k 6t )  - 8 . 9
I n t e g r a t i n g  betw een th e  l i m i t s  1r. s= 0 andr t  =  At", and making th e  ap p ro x im a tio  
t h a t  ( 1 -exp  —k ^ A t  ) 5 : 1  g iv e s :
W  = 2 (k3 /k3 } [C6ns) K  + M, - 8 .1 0
The t o t a l  b ip h e n y l  y i e l d  must be th e  sum of th e  observed  b ip h e n y l  y i e ld  and 
th e  y i e l d  of, t e r p h e n y l , s i n c e  each  t e r p h e n y l  must, have o r i g i n a t e d  from  a  
B ip h e n y l .  I f  In  [ ( [ O ^ H ^ ]  +  -  [B p /2  (CgHg] [b ]o vs  l / T  i s  p l o t t e d
th e  g raph  sh o u ld  have a. s lo p e  of —E^/R ;and am i n t e r c e p t  o f  Tn?(A^/Ag). Pig;
8 .2  shows t h i s  p l o t .
SLOPE " -1921-7
INTERCEPT = 8-8119
CORRELATION = -0*994
o
E = 16*0 k J mole"
Log A = 3*83
6 0
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PIG 8 .2  ARRHENIUS PLOT FOR THE EVOLUTION OP BIPHENYL
Hdnce i f  t h e  t e r m i n a t i o n  i s  f i r s t - o r d e r  Eg =  16*0 kJ  mole~^ and log(A g/A g) 
s= 3*83. The v a lu e  o f  Eg i s  d o s e  t o  one of th e  t h e o r e t i c a l l y  p r e d i c t e d  
v a lu e s  (see  Appendix 3 ) .  i f  logAg — 8-3 (see  Appendix 3') th e n  logAg =  4M 7
=  lo g k g  s in c e  E g =  0 .
8.11
v-> • x ( AS0 UUIJ.U5 uuab ticxmxuabxuu uviuuxo ct.o i>ue w an  OX l< nt; rtJ iiC ^  IO II v e B S e X ,.
pheny l r a d i c a l  b e in g  d e s t ro y e d  by h i t t i n g  th e  w a l l  th e n  th e  r a t e - c o n t r o l l i n g  
s t e p  w i l l  depend on th e  v a lu e  of V # I f  i s  h ig h  th e n  th e  c o n c e n t r a t i o n  of 
pheny l r a d i c a l s  a t  th e  s u r f a c e  w i l l  be c o n s id e r a b ly  low er th a n  in  th e  gas 
p h a se .  Hence t h e r e  w i l l  be a  c o n c e n t r a t i o n  g r a d ie n t  of phenyl r a d i c a l s  n o r ­
mal to  th e  w a l l  and t h e i r  r a t e  o f  a d s o r p t io n  w i l l  be e s s e n t i a l l y  th a t :  o f  
t h e i r  d i f f u s i o n  tow ards  th e  w all#  The r e a c t i o n  i s  s a i d  t o  be i n  th e  d i f f u s ­
io n  reg ion#  I f  £  i s  sm a l l  th e n  th e  pheny l r a d i c a l s  u s u a l l y  rebound from  th e  
w a l l  w i th  th e  r e s u l t  t h a t  t h e i r  c o n c e n t r a t i o n  in  th e  gas phase  and a t  th e  
w a l l  i s  i n d i s t i n g u i s h a b l e #  In  t h i s  case  th e  t e r m in a t io n  r e a c t i o n  i s  s a i d  t o  
be i n  th e  k i n e t i c  r e g io n # -
a .  In  th e  d i f f u s i o n  r e g i o n , f o r  a c y l i n d r i c a l  r e a c t i o n  v e s s e l , k g  w i l l  be
where D i s  th e  c o e f f i c i e n t  of d i f f u s i o n  o f  th e  a c t i v e  s p e c i e s ^ i n  t h i s  
case  ph en y l r a d i c a l s , a n d  d th e  d ia m e te r  of th e  r e a c t i o n  v e s s e l  (Scan:)#
re c o m b in a t io n  r a t e  w i l l  be r a t e - c o n t r o l l i n g #  T h e re fo re  i n  e i t h e r  case  th e  
v a lu e  o f  logkg  i s  much lo w er  th a n  t h a t  p r e d i c t e d  by th e  mechanism. T h is
i t  i s  p o s s i b l e  t o  e s t im a te  kg# I f  & i s  d e f in e d  as th e  p r o b a b i l i t y  of a
g iv e n  b y :
kg =  23-2D/d2 ' ( r e f  13) - 8.11
Assuming t h a t  th e  c o e f f i c i e n t ,  o f  d i f f u s i o n  of benzene ( i n  n i t r o g e n )  i s
a p p ro x im a te ly  eq u a l  t o  t h a t  f o r  th e  phenyl r a d i c a l , !  a t  333K w i l l  be
2 —.1 2
0*11 cm s (14)* A d ju s t in g  f o r  te m p e ra tu re  a t  85OK 0*5^7< !< ^0 * 7 1 7  cm
s " 1 . Hience f o r  th e  d i f f u s i o n  r e g io n  logkg  -0*177*
b .  In  th e  k i n e t i c  r e g i o n , f o r  a. c y l i n d r i c a l  r e a c t i o n  v e s s e l^ k g  w i l l  be 
g iv en  by :
kg =  2 c * / r  ( r e f  1 5 ) - 8.12
where c and r  a r e  th e  av erag e  speed  of pheny l r a d i c a l s  i n  cm s~^ and th e
r a d iu s  of th e  r e a c t i o n  v e s s e l  in  cm r e s p e c t i v e l y .  At; 85OK l o
4*6#
What t h i s  means i s  t h a t  i f  i s  g r e a t e r  th a n  abou t 10“ ^ d i f f u s i o n  w i l l  be 
th e  s lo w er  s t e p  and be r a t e - c o n t r o l l i n g .  I f  i s  l e s s  th a n  ab o u t 10*"^ th e
8.12
In s te a d  t e r m in a t io n  may in v o lv e  th e  fo rm a t io n  of a  s t a b l e  r a d i c a l  s p e c ie s  
(an a lo g o u s  t o  th e  fo r m a t io n  o f HO^  in  th e  hydrogen oxygen re a c t io n )# -  I f  t h i s  
i s  so t h i s  s t a b l e  r a d i c a l  could  be c , formed v i a  th e  r e a c t i o n :
C6H5 +  C6H6
C y c lo h ex ad ien y l  r a d i c a l s  l i k e  C -^ ^ l l  a r e  th o u g h t t o  have e x t r a  s t a b i l i t y  
because  of th e  p o s s i b i l i t y  of d e l o c a l i s a t i o n  o f th e  u n p a i re d  e l e c t r o n  (23)<
8 .1 8  Based on th e  mechanism in  p a ra g ra p h  8 # 1 4 ,w ith  f i r s t - o r d e r  t e r m in a t io n  
th e  r a t e  o f  p r o d u c t io n  o f t e r p h e n y l  w i l l  be:
d fCl 8 H14] /d t  =  2k6k7 [G12H10]/ic8 "8*13
I n t e g r a t i n g  between th e  l i m i t s  t  =  0 and t  A t  ( th e  r e s id e n c e  t im e )  and 
making th e  a p p ro x im a tio n  t h a t  (1 - e x p [ - k ^ A t ] )  =  1 g iv e s ;
[Cl 8 H1 4 1 = 2 ,C 7 lBlolC12P1 0 l /k8 - 8 ' 14
Hence a p l o t  of l n (  [C ^ g H ^ ] /2  [bI J c^ H ^ q] ) vs l / T  shou ld  have a s lo p e  of
-E^/H  and an i n t e r c e p t  of ln (A ^ /A g ) .  P ig  8 .3  shows th e  A rrh e n iu s  p l o t s  f o r
th e  e v o lu t io n  of t e r p h e n y l s  and T able  8 .7  summarizes th e  d a t a  o b ta in e d  from  
th e s e  p lo t s #
TABLE 8 .7
Isom er Slope I n t e r c e p t C o r r e l a t i o n E rj k J  mol e~^ LogA^ (a.)
Meta. +' P a ra - 2 3T9-*4 10-684 -0 -9 9 9 19-28 9 - H
Meta -2 411-3 10-340 - 0*987 20-01 8-96
P a ra -2 1 7 3 -3 9-499 - 0*968 18-07 8-60
N ote: (a)#  Based on th e  v a lu e  of logAg =  4’*47
8*0
CO
U
7-0
KEY
o meta ♦ para 
■ meta
• para
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FIG 8 .3  ARRHENIUS PLOTS FOR THE EVOLUTION OF TEBPHEH7I.S
8 .1 9  The v a lu e s  o f  E^ a re  r e a s o n a b le  because  c o n s i d e r a t i o n  o f  s t e r i c  h in d ­
ra n c e  s u g g e s t s  E ^>E ^ and E^(m eta) > E ^ ( p a r a ) .  This  s t e r i c  e f f e c t  i s  a l s o  
d e m o n s tra ted  by th e  e x t re m e ly  low y i e l d  of o r th o - t e r p h e n y l  w hich  was o n ly  
d e t e c t e d  in  t r a c e  amounts among th e  p ro d u c ts  o f  th e  r e a c t i o n  a t  905K*- I t ,  
would a p p ea r  t h a t  E^( o r th o ) ^ >  E ^ (m e ta )>  E ^ ( p a r a ) .  S t e r i c  h in d ra n c e  co u ld  a l s o  
acco u n t f o r  th e  d i f f e r e n c e s  in  logA (m eta)  and lo g A (p a ra ) .  In  th e  meta t r a n ­
s i t i o n  s t a t e  where th e  s t e r i c  h in d ra n c e  i s  g r e a t e r  th a n  t h a t  found in  th e  
p a r a  t r a n s i t i o n  s t a t e  th e  p a r t i a l l y  form ed c a rb o n -c a rb o n  bond would be lo n g e r  
T h is  l e n g th e n in g  cou ld  le a d  t o  th e  meta t r a n s i t i o n  s t a t e  b e in g  more d i s o r ­
d e re d  th a n  th e  p a r  a,-the r e f  ore th e  e n t ro p y  of a c t i v a t i o n  would be b ig g e r  
-g iv in g  a h ig h e r  v a lu e  f o r  A^.
8.14
u  u j R r x u ix u u i i  u r
8 .2 0  When th e  r e s u l t s  from  th e  r e a c t i o n  of b e n z i l  w i th  benzene and th o se  
from  benzene p y r o l y s i s  a re  compared th e y  c o n t r a d i c t  each  o t h e r .  The r e a c t ­
io n s  sh ou ld  be s im i l a r , . t h e  on ly  d i f f e r e n c e  between them b e in g  th e  i n i t i a t i o n  
r e a c t i o n .  The two r e a c t i o n s  can be summarized as fo l lo w s :
a .  In  benzene p y r o l y s i s  a c c o rd in g  t o  P e a co c k ’s mechanism (12.) th e  i n i t ­
i a t i o n  r e a c t i o n  i s  s l o w , t h e r e f o r e  th e  c o n c e n t r a t io n  o f  c h a in  c a r r i e r s  i s  
low. The t e r m in a t io n  r e a c t i o n  i s  q u a d r a t i c .  The c h a in s  a re  e x c e p t i o n a l l y  
l o n g , t h e  ch a in  l e n g t h  b e in g  of th e  o rd e r  o f  10^.
b .  In  th e  r e a c t i o n  of b e n z i l  w i th  b e n z e n e 'th e  i n i t i a t i o n ;  re a c t io n * c o m ­
p a red  t o  t h a t  in  benzene p y r o l y s i s , i s  f a s t , t h e r e f o r e  th e  c o n c e n t r a t i o n  
of c h a in  c a r r i e r s  i s  h ig h .  The t e r m in a t io n  a p p ea rs  t o  be f i r s t - o r d e r .
The c h a in s  a re  s h o r t , t h e  c h a in  l e n g th  b e in g  l e s s  th a n  10 .
8 .21  For th e  r e a c t i o n  of b e n z i l  w ith  benzene th e  i n i t i a t i o n  r e a c t i o n  6 has 
been shown t o  occur and to  produce p heny l r a d i c a l s  (see  C h ap te r  7)*- T here­
f o r e  i t  i s  p ro b a b le  t h a t  pheny l r a d i c a l s  a re  c h a in  c a r r i e r s  in  th e  r e a c t i o n .  
F o r  th e  p y r o l y s i s  of benzene th e r e  i s  no d i r e c t  ev id en ce  ab o u t th e  i n i t i a t i i o  
r e a c t i o n  o r  th e  e x i s t e n c e  of pheny l r a d i c a l s  as  c h a in  c a r r i e r s .  The d i s c r e p ­
ancy in  th e  r e s u l t s  may t h e r e f o r e  be due to  th e  p y r o l y s i s  mechanism o f  
benzene b e in g  i n c o r r e c t .  S ince b ip h e n y l  i s  a m ajor p ro d u c t  o f  b o th  r e a c t i o n s  
i t  seems l i k e l y  t h a t  pheny l r a d i c a l s  a re  c h a in  c a r r i e r s  in  b o th  r e a c t i o n s .  
T h e re fo re  th e  most l i k e l y  f a u l t  i n  th e  benzene p y r o l y s i s  mechanism l i e s  w i th  
th e  i n i t i a t i o n  and t e r m in a t io n  r e a c t i o n s .  I f  th e  i n i t i a t i o n  r e a c t i o n  i s  
f a s t e r  th e n  th e  c h a in  l e n g th  w i l l  be much s h o r t e r  and i f  th e  t e r m i n a t i o n  
r e a c t i o n  i s  f i r s t - o r d e r  th e n  th e  mechanism would conform w i th  th e  b e n z i l  
p lu s  benzene r e a c t i o n .  The fo l lo w in g  a re  some a l t e r n a t i v e  i n i t i a t i o n  reaca- 
t i o n s  f o r  benzene  p y r o l y s i s :
a .  R ing F i s s i o n .  I n i t i a t i o n  cou ld  be v i a  f i s s i o n  of th e  benzene r ing* , 
where a  c a rb o n -c a rb o n  bond i s  b ro k e n .  Simple f i s s i o n  i s  u n l i k e l y  s in c e  
th e  c a rb o n -c a rb o n  bond energy  in  benzene i s  h ig h  (o f  th e  o rd e r  o f  490  
kJmole”’^  ) , hence th e  a c t i v a t i o n  e n e rg y  of th e  r e a c t i o n  would be h ig h e r  
th a n  t h a t  f o r  carb o n -h y d ro g en  bond f i s s i o n .  There i s  some e v id en ce  ( l 6 ) 
t h a t  s ix-m em bered r i n g s  can undergo  a r e v e r s e  D ie l s - A Id e r  r e a c t i o n  which 
may be a c o n c e r te d  p r o c e s s ; t h i s  cou ld  low er t h e  a c t i v a t i o n ;  en e rg y  o f
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would be o f  th e  o r d e r  o f  660 kJmole Ring f i s s i o n  r e a c t i o n s  would 
le ad  t o  a c o n s id e r a b le  y i e ld  o f  r i n g  f i s s i o n  p ro d u c ts ,w h ic h  were n o t  
observed  by Peacock  (12) below 1000K.
b .  B im o le cu la r  I n i t i a t i o n * Louw and Lucas ( l 7 )  in  t h e i r  i n v e s t i g a t i o n :  
o f  benzene p y r o l y s i s  su g g es te d  t h a t  th e  i n i t i a t i o n  r e a c t i o n  was b im o le ­
c u l a r ,  two m o lecu les  o f  benzene r e a c t i n g  t o  form  a pheny l r a d i c a l  and th e  
c y c lo h e x a d ie n y l  r a d i c a l  F i e l d s  and Meyerson ( l 8 )  p y ro ly s e d  mono-
d e u te r a te d  benzene and found a  c o n s id e r a b le  amount of p ro t iu m —d e u te r iu m  
sc ra m b lin g  among th e  p r o d u c t s .  I t  appeared  t h a t  b ip h e n y l  was p r e f e r e n ­
t i a l l y  form ed from  benzene which had undergone t h i s  exchange . Two e x p l ­
a n a t io n s '  were p u t  fo rw a rd :  I f  th e  r e a c t i o n  had a: m o le c u la r  mechanism, 
th e n  i f  two m olecu les  o f  benzene r e a c t e d  t o  form p h e n y lc y c lo h e x a d ie n e ,  
th e n  th e  p ro t iu m  and d e u te r iu m  atoms could  r e a d i l y  move and exchange 
b e fo re  th e  m olecule  decomposed t o  form  M p h en y l  and hyd ro g en . A l t e r n a t ­
i v e l y  i f  th e  r e a c t i o n  has a f r e e - r a d i c a l  mechanism th e n  p r o t i u m - d e u te r i i  
exchange must o ccu r  between benzene m o lecu les  b e fo re  b ip h e n y l  f o r m a t io n .
S ince t h i s  exchange r e q u i r e s  th e  b re a k in g  of ca rb o n -h y d ro g en  b o n d s , th e s e  
r e s u l t s  h i n t  a t  th e  p re sen ce  of a b im o le c u la r  i n i t i a t i o n  r e a c t i o n  p e rh ap
of th e  form  su g g es te d  by Louw and Lucas (17 )  ( s e e  C h ap te r  I  p a ra g ra p h
1 .13 )*  The problem  seems to  be t h a t  th e  ca rb o n -h y d ro g en  bond a p p ea rs  t o
be in v o lv e d  in  th e  r e a c t i o n  as i f .  i t  were weaker th a n  i t  i s .
c * Benzyne. Benzene may lo o se  a m olecule  of hydrogen t o  fo rm  benzyne 
which co u ld  th e n  add to  benzene t o  form b ip h e n y l .  I f  t h i s  were th e  c ase  
t h e r e  would be no c h a in  r e a c t i o n .
d .  E x c i te d  S t a t e s . I f  th e  i n i t i a t i o n  r e a c t i o n  was b ased  on th e  fo r m a t io n
of a  benzene m olecu le  in  th e  t r i p l e t  s t a t e  ( ^B^. ) , , th is  would r e q u i r e  
1351-398 kJmole (1 9 ) .  I f  t h i s  e x c i t e d  m o lecu le  th e n  r e a c t e d  w i th  a n o th e r  
benzene m olecule  t o  form  b ip h e n y l  t h e r e  would be no c h a in  r e a c t i o n .
\
8.22  The above a l t e r n a t i v e  i n i t i a t i o n  r e a c t i o n s  a re  d i f f i c u l t  t o  r e c o n c i l e  
w i th  th e  e x p e r im e n ta l  r e s u l t s .  I f  th e  i n i t i a t i o n  and t e r m in a t io n  r e a c t i o n s  
a re  f i r s t - o r d e r  th en  hydrogen e v o lu t io n  sh ou ld  be s e c o n d - o r d e r .  I f  th e  i n i t ­
i a t i o n  i s  s e c o n d -o rd e r  and th e  t e r m in a t io n  f i r s t - o r d e r  th e n  hydrogen e v o lu ­
t i o n  w i l l  be t h i r d - o r d e r .  Peacock (12) found hydrogen e v o lu t io n  t o  be t h r e e -  
h a l v e s - o r d e r .
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8 .2 3  The r e s u l t s  o f  th e  r e a c t i o n  of b e n z i l  w i th  th io p h e n e  a re  d i f f i c u l t  t o  
i n t e r p r e t  becau se  o f  th e  u n c e r t a i n t y  i n  th e  amount o f  b e n z i l  b e in g  p y ro ly sed *
benzene in  t h a t  th e  c h a in  l e n g th  a p p e a rs  t o  be sm all*  Phenyl r a d i c a l s  i n  th e  
p re se n c e  of e x c e s s  th io p h e n e  would be ex p ec ted  to  add t o  th e  th io p h en e  p ro ­
d u c in g  p h e n y l th io p h e n e  and hydrogen a tom s,w hich  in  t u r n  co u ld  a b s t r a c t  a 
hydrogen from  th io p h e n e  t o  produce t h i e n y l  r a d i c a l s .  Any t h i e n y l  r a d i c a l s  
p r e s e n t  would be e x p ec te d  t o  add to  th io p h e n e  p ro d u c in g  b i t h io p h e n e .  S ince 
th e  b i t h i o p h e n e 'y i e l d  i s  0*15 t o  0*50 o f  th e  p h en y lth io p h en e . y i e l d , o n l y  a  
f r a c t i o n  of th e  pheny l r a d i c a l s  p r e s e n t  a re  i n d i r e c t l y  i n i t i a t i n g  th e  f o r ­
m ation  o f b i th io p h e n e s .  However th e  y i e l d s  o f  b i th io p h e n e  and h e n zo th io p h en e  
a re  f a r  g r e a t e r  th an  th o s e  ex p ec ted  from  th io p h e n e  p y r o l y s i s  a lo n e ^ th e r e f o r e  
t h e i r  fo r m a t io n  must be connec ted  w i th  th e  p re se n c e  of pheny l r a d i c a l s .  The 
a p p a re n t  a c t i v a t i o n  e n e r g ie s  f o r  th e  e v o lu t io n  of b i th io p h e n e  and b e n z o th io — 
phene a re  more th an  ha lv ed  compared w i th  th o se  measured d u r in g  th io p h e n e  
p y r o l y s i s .  The p re sen c e  of b ip h e n y l  among th e  p ro d u c ts  o f  th e  r e a c t i o n  i n d i ­
c a t e s  t h a t  a  sm a l l  amount o f  q u a d r a t i c  t e r m in a t io n  o c c u r s .
8 .24  I f  th e  mechanism i s  s i m i l a r  t o  t h a t  p roposed  f o r  th e  r e a c t i o n  o f  b e n z i l  
w i th  benzene th e n :
However th e y  a re  s i m i l a r  t o  th e  r e s u l t s  from th e  r e a c t i o n  of b e n z i l  w i th
k6
B en z i l  (F) =  2 C ^
Where: TH rr Thiophene 
T — T h ien y l  
T^ =  B ith io p h e n e  
CgH^T =  P h e n y l th io p h e n e
C>Hc +  TH =? C/-H T +  io' 5 .6  567
• 1 o •H +  TH =  Hg +  T •
k_ #
T +  TH =  T ^ +  H:
^12T r  T e rm in a t io n
A pply ing  th e  s t e a d y  s t a t e  a p p ro x im a tio n  g iv e s :
[T2] / [ C g £ 5T] -  k ^ / k ^  
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E^2 =  0 ) and an i n t e r c e p t  o f  l n j A ^ / A ^  ),. P ig  8*4 shows t h i s  p l o t .
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FIC 8 .4  ARRHENIUS PLOT OF 3/h( If J  /  f c c  &-T1) v s  l / T
The s t r a i g h t  l i n e  g iv e n  by p o in t s  1 t o  5 in  F i g - 8 .4  p r e d i c t s  t h a t  E--. =  26*0 
kJmole and t h a t  A ^ . / A ^  = ^*5* The v a lu e  of; E1, i s  r e a s o n a b le  s in c e  i t  i s11
of  th e  same o rd e r  as E^. The va lu e  of A ^ / A ^  i s  10 low er th a n  e x p ec ted  
assum ing t h a t  A ^  ^  Ag. Above 900K t h e r e  i s  a s h a rp  d i s c o n t i n u i t y  in  th e  
A rrh e n iu s  p io t ,w h e r e  th e  s lo p e  i s  more th a n  d o u b led ,w h ich  cou ld  be due t o i
a .  A lo w e r in g  of th e  p h e n y l th io p h e n e  y i e l d  due t o  d e co m p o s i t io n  in  th e  
r e a c t i o n  v e s s e l .  T h is  im p l ie s  t h a t  p h e n y l th io p h e n e  i s  t h e r m a l ly  l e s s  
s t a b l e  th a n  b i th io p h e n e  which i s  u n l i k e l y .
b .  A more l i k e l y  e x p l a i n a t i o n  i s  t h a t  t h e r e  i s  a: change in  th e  r e a c t i o n  
mechanism above 900K. No s im p le  mechanism has been  :found t o  e x p la i n  t h i s  
r e s u l t .
ISOMER DISTRIBUTIONS
8 .2 5  Prom T ab le s  8 .5  and 8 .6  th e  fo l l o w in g  d i f f e r e n c e s  i n  t h e  isom er d i s t r ­
ib u t i o n s  between h o m o ly tic  a ro m a tic  s u b s t i t u t i o n  r e a c t i o n s  i n  s o l u t i o n  and
'8.18
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a .  F o r  h o m o ly tic  a ro m a t ic  s u b s t i t u t i o n  o f  m o n o su b s t i tu te d  benzenes (T able  
8*5 p8*7) , in  s o l u t i o n  th e  isom er d i s t r i b u t i o n  i s  o r t h o > p a r a > m e t a , .
in  th e  gas phase t h i s  o rd e r  i s  r e v e r s e d  such  t h a t  m e t a > p a r a >  o r th o ..
b .  F o r  h o m oly tic  a ro m a t ic  s u b s t i t u t i o n  of th io p h e n e  (T ab le  8 .6  p 8 .7 )  th e  
y i e ld  of th e  3— isom er i s  a p p ro x im a te ly  doubled  in  th e  gas phase r e a c t ­
io n  compared t o  th e  r e a c t i o n  i n  s o l u t i o n .
T h e o r e t i c a l l y  f o r  a ; b im o le c u la r  r e a c t i o n  th e  r a t e  c o n s ta n t  f o r  r e a c t i o n  in  
s o l u t i o n  sh o u ld  be a p p ro x im a te ly  75 t im es  t h a t  i n  th e  gas phase  (20).* A 
change o f  phase  sh ou ld  n o t  e f f e c t  th e  isom er d i s t r i b u t i o n *
8 .2 6  E xam ina tion  of th e  isom er d i s t r i b u t i o n s  from  p h en y l  p lu s  s u b s t i t u t e d  
benzenes (C^H^—C^H^X) in  th e  gas phase  d e m o n s tra te s  th e  im portance  o f  s t e r i c  
h in d ra n c e  on th e  isom er d i s t r i b u t i o n .  I f  th e  s i z e  o f  X in  th e  gas phase^  
measured as an i o n i s a t i o n  c r o s s - s e c t i o n  ( 2 1 ) , i s  p l o t t e d  a g a i n s t  th e  p e rc e n ­
ta g e  of o r th o  isom er th e  cu rve  shown in  F ig  8 .5  i s  o b ta in e d .
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FIG 8 .5  PERCENTAGE ORTHO ISOMER VS IONISATION CROSS-SECTION OF X 
FOR PHENYLATED SUBSTITUTED BENZENES ( CgH^-CgH^X)
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8 .27  The isom er d i s t r i b u t i o n  from pheny l p lu s  s u b s t i t u t e d  benzenes  in  s o lu ­
t i o n  i s  th o u g h t  by  W illiam s (22) t o  be dom inated by th e  e l e c t r o n i c  s t r u c t u r e
of th e  s u b s t i t u t e d  b e n zen e .  I f  t h i s  i s  so i t  would seem t h a t  t h e r e  i s  a
d i r e c t  c o m p e t i t io n  betw een a s t e r i c  f a c t o r  and an e l e c t r o n i c  f a c t o r , t h e  f o r ­
mer d o m in a t in g  th e  r e a c t i o n  in  th e  gas phase and th e  l a t t e r  in  s o l u t i o n .
What p r o p e r t y  of th e  s o lv e n t  overcomes s t e r i c  h in d ra n c e ?  I t  i s  u n l i k e l y  t o  be 
s o l v a t i o n  s in c e  ph en y l r a d i c a l s  a re  th o u g h t to  be n o n - p o la r  ( 2 2 ) , and even i f  
th e y  were s o lv a te d  in  some way th e  p re sen c e  of a s o lv e n t  s h e l l  would in c r e a s e  
s t e r i c  h in d r a n c e .  The p ro b a b le  e x p la n a t io n  i s  t h a t  th e  s o lv e n t  e x e r t s  a  cage 
e f f e c t  on th e  r e a c t a n t s .  When two m olecu les  become n e a r  n e ig h b o u rs  in  a .
l i q u i d  th e y  r e t a i n  t h i s  r e l a t i o n s h i p  f o r  a tim e t h a t  i s  lo n g  compared t o  th e
f re q u e n c y  o f m o le c u la r  v i b r a t i o n .  Thus c o l l i s i o n  p a r t n e r s  a re  caged by th e  
s o lv e n t  m o lecu le s  and can; be th o u g h t  Of as b e in g  fo rc e d  t o g e t h e r .  Thus in  
s o l u t i o n  c a g in g  by th e  s o lv e n t  m o lecu les  could  overcome s t e r i c  h in d r a n c e .
CONCLUSION
8 .2 8  The a c t i v a t i o n  e n erg y  f o r  th e  a d d i t i o n  of pheny l r a d i c a l s  t o  benzene
(E^) was measured as  21*5 kJmole” ^ by p y ro ly s in g  benzene and 16*0 kJmole"”
by r e a c t i n g  b e n z i l  w i th  benzene . The a c t i v a t i o n  e n erg y  f o r  th e  a d d i t i o n  o f
pheny l r a d i c a l s  t o  th io p h e n e  was e s t im a te d  i n d i r e c t l y  t o  be s i m i l a r  t o  E ,„
-1p ro b a b ly  w i th in  I  kJmole • The a c t i v a t i o n  en e rg y  f o r  th e  a d d i t i o n  of t h i e n y l 1 
r a d i c a l s  t o  th io p h e n e  ( E ^ )  was m easured as 26*O' kJmole"”^ , th o u g h  some d oub t 
must be p la c e d  on t h i s  r e s u l t .  T h e re fo re  as a  f i r s t  a p p r o x im a t io n 's in c e  a l l  
th e s e  a c t i v a t i o n  e n e r g ie s  a re  s i m i l a r r th e  v a lu e  of E ^  used  i n  P a r t :  I  o f  
t h i s  t h e s i s  was 21*5 kJmole” '*'.
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i n c r e a s e  w i th  te m p e r a tu r e .  This i s  n o t  c o n s i s t e n t  w i th  a q u a d r a t i c  t e r m in a t ­
io n ,  o n ly  w i th  f i r s t - o r d e r  t e r m i n a t i o n .  The r e s u l t s  a re  n o t  c o n s i s t e n t  w i th  
f i r s t - o r d e r  t e r m in a t io n  a t  th e  w a l l s  of th e  r e a c t i o n  v e s s e l  and a gas phase  
p ro c e s s  i s  r e q u i r e d  t o  s a t i s f y  them which could  n o t  be i d e n t i f i e d .  On th e  
a ssum ption  t h a t  a f i r s t - o r d e r  t e r m in a t io n  p ro c e s s  o c c u r s , t h e  fo l lo w in g  
a c t i v a t i o n  e n e r g ie s  were o b ta in e d :
a .  F o r  th e  a d d i t i o n  of phenyl t o  benzene th e  measured a c t i v a t i o n  e n e rg y  
was 16*0 kJmole •
b .  F o r  th e  a d d i t i o n  o f  pheny l t o  b ip h e n y l  th e  o v e r a l l  a c t i v a t i o n  energy  
was 19*3 kJmole The a c t i v a t i o n  energy  f o r  th e  fo r m a t io n  of th e  m eta  
and p a r a  isom ers  was 20*0 and 18*1 kJmole"’^ r e s p e c t i v e l y .  The a c t i v a t i o n  
e n erg y  f o r  th e  fo rm a t io n  of o r th o - t e r p h e n y l  cou ld  n o t  be measured b u t  
appeared  to  be g r e a t e r  th a n  th e  o th e r  two v a lu e s .
8 .3 0  The r e a c t i o n  o f  phenyl w i th  th io p h e n e  g iv e s  b i th io p h e n e  so  a c h a in  
r e a c t i o n  must o ccu r  b u t th e  c h a in s  a re  v e ry  s h o r t .  The c h a in n le n g th  of th e  
phenyl p lu s  benzene r e a c t i o n  i s  '~5» On th e  o th e r  h a n d ,P e a c o c k ’s (12) mech­
anism f o r  benzene p y r o l y s i s , which a l s o  u ses  pheny l r a d i c a l s , i n v o l v e s  a  c h a in  
l e n g th  o f  ^ 1 0 ^ .  These o b s e r v a t io n s  a re  n o t  c o n s i s t e n t .  I t  seems u n l i k e l y  
t h a t  b e n z i l  does n o t  g iv e  phenyl r a d i c a l s  on p y r o l y s i s  and th e  q u e s t io n  
a r i s e s  as t o  w he ther  th e y  g e n u in e ly  o ccu r  in  benzene p y r o l y s i s , t h a t  i s ,  i s  
P e a c o c k 's  mechanism v a l i d .  Phenyl r a d i c a l s  a t  f i r s t  s i g h t  a re  th e  o n ly  a c t i v e  
s p e c ie s  which can a r i s e  w ith o u t  r i n g  f i s s i o n , b u t  i t  i s  n o te w o r th y  t h a t  F i e l d s  
and Meyerson ( l 8 )  were f o r c e d  t o  p o s t u l a t e  an u n i d e n t i f i e d  a c t i v e  s p e c i e s  
(n o t  p h e n y l )  i n  t h i s  r e a c t i o n .  The same o b ta in s  in  t h i s  work.
8 .31  The prob lem  i s  f u r t h e r  c o m p lic a te d  by th e  r e s u l t s  of benzene p y r o l y s i s  
from  t h i s  work. The a c t i v a t i o n  en e rg y  f o r  th e  e v o lu t io n  of b ip h e n y l  from  
benzene p y r o l y s i s  was found to  be 253*7 kJmole*"^ which i s  c o n s i s t e n t  w i th  
b o th  P e a c o c k 's  and Louw and L u cas '  (17 )  mechanism (see  C ap te r  I  p a ra g ra p h
1 .1 3 )  which p r e d i c t  a c t i v a t i o n  e n e r g ie s  o f  254 and 251 kJmole” ^ r e s p e c t i v e l y .  
Peacock and Louw and Lucas b o th  p r e d i c t  t h a t  th e  r a t e  o f  b ip h e n y l  and h y d ro ­
gen e v o lu t io n  shou ld  be e q u a l .  The r a t e s  (assum ing t h r e e - h a l v e s —o rd e r  . 
k i n e t i c s )  measured f o r  th e  e v o lu t io n  of b ip h e n y l  in  t h i s  w ork ,on  a f lo w  app­
a r a t u s ,  were n e a r l y  two o rd e r s  o f  m agnitude g r e a t e r  th a n  th o s e  m easured by 
Peacock f o r  th e  e v o lu t io n  of hydrogen on a s t a t i c  a p p a r a tu s .  This l a c k  o f
8.21
due t o  th e  d i f f e r e n c e s  in  th e  a p p a r a tu s  s in c e  agreem ent f o r  th e  r a t e s  of 
e v o lu t io n  o f  b i th io p h e n e  and hydrogen and th e  d is a p p e a ra n c e  o f  th io p h e n e ,  
from  th e  p y r o l y s i s  of th io p h e n e  on a s t a t i c  a p p a ra tu s  ( s i m i l a r  t o  P e a c o c k 's )  
and a f low  a p p a ra tu s  has been o b ta in e d  (see  C h ap te r  5 p a ra g rap h s  5*6 and
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APPENDIX 1
THERMOCHEMICAL CALCULATIONS
INTRODUCTION
1 , S.W.Benson ( l )  has d eve loped  a s e m i -e m p ir ic a l  method of c a l c u l a t i n g  th e  
r a t e s  of ch em ica l  r e a c t i o n s .  With h i s  method i t  i s  p o s s ib l e  t o  e s t im a te  th e  
p r e - e x p o n e n t i a l  f a c t o r  of a r a t e  c o n s ta n t  a n d , f o r  c e r t a i n  u n im o le c u la r  
r e a c t i o n s , t h e  a c t i v a t i o n  e n e r g y ,p ro v id e d  th e  s t r u c t u r e  of th e  t r a n s i t i o n  
s t a t e  i s  known. The method i s  based  on t r a n s i t i o n  s t a t e  t h e o r y  where th e  
r a t e  c o n s ta n t  i s  g iv en  by:
k = e z (RT )I - 1 kT ezp (  A  S % ) e x p ( - [  AH++  xRT I/RIO  m m *■ mJ
h
Where x ,T  ,k  and h a re  th e  m o le c u la r i t y  i f  th e  r e a c t i o n , t h e  mean t e m p e r a tu r e ,  
Boltzm ann’s c o n s t a n t  and P la n c k ’s c o n s ta n t  r e s p e c t i v e l y .  A S  and AH a re  th e  
change in  e n t ro p y  and e n th a lp y  in  g o ing  from th e  r e a c t a n t s  t o  th e  t r a n s i t i o n  
s t a t e .
4* 4*2 .  With a knowledge of A S and AH i t  i s  p o s s ib l e  t o  c a l c u l a t e  th e  p r e - e x p ­
o n e n t i a l  f a c t o r  and th e  a c t i v a t i o n  en e rg y  and hence th e  r a t e  c o n s t a n t .  In  
o rd e r  t o  o b ta in  th e s e  v a lu e s  i t  i s  n e c e s s a r y  t o  know th e  e n t r o p y  and e n th a lp  
o f  fo rm a t io n  o f th e  t r a n s i t i o n  s t a t e .  S ince th e s e  can n o t be measured e x p e r i ­
m e n ta l ly  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  them . This  i s  done in n th e  fo l lo w in g  
way:
a .  A r e a s o n a b le  s t r u c t u r e  f o r  th e  t r a n s i t i o n  i s  guessed  a t ; f o r  example 
in  a u n im o le c u la r  d e co m p o s it io n  th e  t r a n s i t i o n  s t a t e  i s  app rox im ated  to  
th e  r e a c t a n t  m olecule  w i th  an e lo n g a te d  bond.
b .  The e n t r o p y  of th e  t r a n s i t i o n  s t a t e  i s  th e n  c a l c u l a t e d  by  r e f e r e n c e  
t o  a model compound w hich i s  c lo s e  in  s t r u c t u r e  t o  th e  t r a n s i t i o n  s t a t e  
and whose e n t ro p y  i s  known. In  th e  case  above th e  model compound would 
be th e  r e a c t a n t .  The d i f f e r e n c e  in  e n t ro p y  betw een the  model compound 
and th e  t r a n s i t i o n  s t a t e  i s  e s t im a te d  by c o n s id e r in g  th e  changes in  
e n t ro p y  due t o  t r a n s l a t i o n , r o t a t i o n , s y m m e t r y , e l e c t r o n  s p i n  and i n t e r n a l  
r o t a t i o n s  and v i b r a t i o n s .  A c o r r e c t i o n  i s  made f o r  each o f  th e s e  c h an g es ,
' A l . l
n u d e  a ^ ix u a u ic ^ b u  iu c  esxii» j .u y y  ux out: m uuti compound ana aenae out;
e n t ro p y  o f  th e  t r a n s i t i o n  s t a t e  i s  o b ta in e d .  In  g e n e r a l  th e  amount and 
s i g n i f i c a n c e  of a c o r r e c t i o n  i s  e i t h e r  d e r iv e d  t h e o r e t i c a l l y  from p a r t ­
i t i o n  f u n c t i o n s  or s e m i - e m p i r i c a l l y .  The l a t t e r  method c o n s i s t s  of 
t a k i n g  known r e a c t i o n  r a t e s  and c a l c u l a t i n g  A S  and th en ce  th e  e n t ro p y  
of th e  t r a n s i t i o n  s t a t e  (S*). By com paring S^with th e  e n t ro p y  of th e  
model compound th e  amount and s i g n i f i c a n c e  o f  c o r r e c t i o n s  can be e s t im ­
a t e d .
c .  In th e  s p e c i a l  case  of a u n im o le c u la r  r e a c t i o n  i t  may be p o s s ib l e  t o  
c a l c u l a t e  t h e . e n t h a l p y  of fo rm a t io n  of th e  t r a n s i t i o n  s t a t e , p a r t i c u l a r l y  
i f  i t  i s  a w e l l  d e f in e d  m olecule  such  as  a, b i r a d i c a l  d e r iv e d  from  a  
c y c l i c  m o le c u le .  The e n th r a lp y  of fo rm a t io n  i s  e s t im a te d  as  shown below .
3 .  Because th e  a v a i l a b l e  thermodynamic d a t a  a re  l i m i t e d , i n  o rd e r  t o  a p p ly  
t h i s  method i t  may be n e c e s s a r y  t o  e s t im a te  th e  thermodynamic p r o p e r t i e s  of 
th e  r e a c t a n t s  and model compound. Benson has d eve loped  an e m p i r i c a l  group 
a d d i t i v i t y  scheme where f o r  each  group in  an o rg a n ic  m olecule  t h e r e  i s  an 
i n t r i n s i c  e n t r o p y ,e n th a l p y  of fo rm a t io n  and h e a t  c a p a c i t y  a t  c o n s ta n t ;  p r e s ­
s u r e .  These a re  average  v a lu e s  c a l c u l a t e d  from compounds w i th  known therm o­
dynamic p r o p e r t i e s .  Hence p ro v id ed  th e r e  a re  d a t a  a v a i l a b l e  f o r  each  group 
in  a m olecule  i t s  thermodynamic p r o p e r t i e s  can be e s t im a te d .
4* The m ajor c r i t i c i s m s  o f B enson’s methods a res
a .  There i s  o n ly  a sm a l l  amount of r e l i a b l e  r a t e  d a t a  from  which to  
e s t im a te  th e  c o r r e c t i o n s  r e q u i r e d  t o  c a l c u l a t e  th e  e n t ro p y  o f th e  t r a n s ­
i t i o n  s t a t e .  I n e v i t a b l y  many of th e s e  c o r r e c t i o n s  become mere ' r u l e s  of 
th u m b '.
b .  The a ssu m p tio n  t h a t  in  each  r e a c t i o n  t h e r e  e x i s t s  an a c t i v a t e d  
c o m p le x , is  n o t  n e c e s s a r i l y  v a l i d .  M olecu la r  beam s t u d i e s  have shown t h a t  
r e a c t i o n s  p ro ceed  by v a r io u s  mechanisms such  as ' s t r i p p i n g *  as  w e l l  as  
by a c t i v a t e d  complex fo rm a t io n  ( 8 ) ( 9 ) •
c .  The e s t i m a t i o n  of thermodynamic p r o p e r t i e s  o n ly  works w e l l  p r o v id in g  
th e  m olecu le  c o n s id e re d  i s  s i m i l a r  t o  th e  m o lecu les  used t o  d e r iv e  th e  
a d d i t i v i t y  scheme.
A I.2
5. F o r  a l l  i t s  a p p ro x im a t io n s ,a s s u m p tio n s  and e m p ir ic ism  B enson 's  methods 
p r o v id e  a u s e f u l  t o o l  f o r  gas k i n e t i c i s t s , s i n c e  i t  p ro v id e s  th e  o n ly  method 
by which r e a c t i o n  r a t e s  can be c a l c u l a t e d .  The method i s  a  s t a g i n g  p o s t  
be tw een c l a s s i c a l  therm odynam ics,w here  f o r  a. g iv en  system  th e  p o s i t i o n  o f  
e q u i l i b r iu m  can be p r e d ic t e d  from  therm ochem ical and s p e c t r o s c o p ic  d a ta ,a n d  
f u t u r e  therm odynam ics,w here  i t  m ight be p o s s ib l e  t o  c a l c u l a t e  how long  i t  
w i l l  ta k e  a  sy s tem  to  r e a c h  e q u i l i b r iu m .
6 . A l l  th e  fo l l o w in g  c a l c u l a t i o n s  and e s t im a t io n s  a re  based on B enson 's
m ethods. Table  1 g iv e s  th e  group v a lu e s  f o r  ^ in t2 9 8  ?Ln(* %  use<*
th e  c a l c u l a t i o n s .  The u n i t s  axe th o se  used  by B e n so n ,c a ls  deg  moles ( l e a l  =
4 *184 j o u l e s ) .  Table  2 g iv e s  th e  v a lu e s  of AH*, and S. , f o r  some m olecu lesI m t
and f r e e - r a d i c a l s  c a l c u l a t e d  from th e  g roup v a lu e s  in  Table  1 .
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A i.4
a .  The v a lu e s  of A H ^ ^ g  f o r  f r e e - r a d i c a l  g roups such  as Cd—(H) can 
be found from  th e  * p a r e n t ’ group Cd-(H)2 ^ the  carb o n -h y d ro g en  bond 
energy  and th e  e n th r a lp y  of fo rm a t io n  of th e  hydrogen atom s in c e :
AHf  fcd-(H )] =  AEf [Cd-(H)2) +  DH (C-H) -  AHf H:
The v a lu e  o f  S ^ ^ ^ g  can *>e found from  t h a t  f o r  th e  g roup Cd—(H)p by 
making c o r r e c t i o n s  f o r  h in d e re d  r o t a t i o n ,c h a n g e s  in  moments of i n e r t i a  
and l o s s  o f  carbon—hydrogen  v i b r a t i o n s .  I t ;  i s  found t h a t  th e s e  c o r r e ­
c t i o n s  a re  sm a l l  t h e r e f o r e  S [Cd-(& )] ^  S [Cd—(H )^ ] .
b .  There a re  no v a lu e s  f o r  th e  g roup C d - ( s ) ( C d )  th e  v a lu e s  quoted  a re  
f o r  Cd—( S ) ( C )•
c .  The v a lu e s  f o r  th e  g roup C  ^ were d e r iv e d  from  th o se  f o r  th e  r a d i c a l
CjH ( 1 ) .
d .  The v a lu e s  f o r  th e  g roup S= were e s t im a te d  from  th o s e  f o r  th e
canqpound CHp =  S (3 ) (40>by d e d u c t in g  th e  v a lu e s  f o r  th e  g roup C^—
300 1000The v a lu e s  f o r  C and C were e s t im a te d  from  th o s e  f o r  'the
P P
compound CHg— 0 (l).#
TABLE 2
Compound/
F r e e - R a d ic a l
AH^ K cals mole” ^ S. . Cal K” 1mole 1 m t
298K 1000K 2 98K 1000K
Thiophene 27-82 47-42 70-04: 103-74
T h ie n y l  >... 85-78 105-27 68-84 102*36
B ith io p h en e  ■ 60-50 96-61 98-86 158-96
P h e n y lth io p h en e 51-71 93-40 97-44 169-15
C4H3-C4ff3S 99-94 135-02 92-32 152-66
Ben z o th i  ophene 2 9 - 6 2 63-46 102*98 161-18
Phenyl 78-00 101-00 69-10 108-66
7. It- i s  assumed t h a t  th e  t r a n s i t i o n  s t a t e  f o r  t h i s  r e a c t i o n  can he appro­
x im ated  t o  th e  d i r a d i c a l  * S - C H ; : = C E — C H  =  C H * *  The t r a n s i t i o n :  s t a t e  i s  
com prised  of th e  g roups ( C d - ( H ) ( s ) ]  , 2  x [ C d - ( C d ) ( H ) ]  and (Cd-(H)] * .  Hence 
from th e  v a lu e s  in  Table  1 A H ^ ^ g  s  120*46 K cals mole~1 »rSi n^258 =  
c a l s  K-1  mole and AC* =  27 . 90 c a l s  K—1 mole- 1 .  Hence A h J ,  =  1 4 0 -02;
- 1  *  p T m  _ l  _ l  f l O O O
w:ax:B;moie and ^ ^ .^ 0 0 0  =  1*03*74 c a ls -K  mole • T h e re fo re  A S  -  o
Kcals mole ^ and A S ^ =  4*^6 c a l s  K ^ mole Prom t r a n s i t i o n  s t a t e  th e o r y  
th e  p r e - e x p o n e n t i a l  f a c t o r  A =  ekT/hr- exp( A s J ' r )  where k,Tfh» and R a r e  th e  
Boltzmann c o n s t a n t , t e m p e r a t u r e , P l a n c k ' s  c o n s ta n t  and. th e  gas  c o n s t a n t  r e s p ­
e c t i v e ly *  Hence A =  1 0 ^  ^ *  The a c t i v a t i o n  energy  E sr A H ?+R T sr 94*59' 
K cals mole- ^ o r  395*7 kJ mole~^* T h e re fo re :
k =  IQ14*8 exp(-395*7/RT).
REACTION C.H^S =  0*H, +  S ----------------- 4 3--------4  3-------
8*I t  i s  d i f f i c u l t  t o  ap p ly  t r a n s i t i o n  s t a t e  th e o ry  t o  t h i s  r e a c t i o n  
b e ca u se :
Jv\-»
a* I t  i s  d i f f i c u l t  t o  guess  th e  s t r u c t u r e  of th e  t r a n s i t i o n  s t a t e ,  
s i n c e  s im p le  bond f i s s i o n  le a v e s  t h r e e  u n p a ire d  e l e c t r o n s *
b* Some of th e  groups w hich make up th e  p o s s ib l e  t r a n s i t i o n  s t a t e s  do 
n o t  e a s i l y  f i t  i n t o  th e  a d d i t i v i t y  scheme and t h e i r  group v a lu e s  must 
be r a t h e r  c r u d e ly  guessed  a t*
Table 3 shows th e  t r a n s i t i o n  s t a t e s  c o n s id e re d  and th e  c a l c u l a t e d  r a t e  
p a ram ete rs*
TABLE 3*.
T r a n s i t i o n  S ta te Groups LogA E k J  mole"*^
S =C  = CE-CR=CH- [s=  ] ,  [C*] ,2 ’ X [Cd—(Cd ) (H)] 
and [Cd—(H)]
17,' 149^260
( a )
S=CH-CH'=C~CH* as above
HS-CH =  CH'- C =C* [S-(C)(H)J [Cd—(H )(S )] r 
[Cd-(Ct;)(H)J and [Ct]
20 2 5 0 + 13
w id le y  d i f f e r i n g  v a lu e s  f o r  A H ^ ^ g  of> CHg,= S (3 ) ( 4 ) *  from  
which A H ^ ^ g  [S= ] was c a l c u l a t e d .
REACTION. C ^ S  +  O ^ S  -  (C ^hJ5)2 +  H'
9* F or a b im o le c u la r  r e a c t i o n  i t  i s  o n ly  p o s s ib l e  t o  p r e d i c t  th e  p r e -  
e x p o n e n t i a l  f a c t o r  w i th  t r a n s i t i o n  s t a t e  t h e o r y .  A model compound s i m i l a r  
t o  th e  p r e d i c t e d  t r a n s i t i o n  s t a t e  i s  c h o sen . By com paring th e  t r a n s i t i o n  
s t a t e  w i th  th e  model compound th e  d i f f e r e n c e s  in  e n t ro p y  due t o  th e  d i f f ­
e r i n g  s t r u c t u r e s  can be e s t i m a te d .  Then^w ith  th e  e n t ro p y  o f  th e  model 
compound as  a:, b a s i s , t h e  e n t ro p y  o f  th e  t r a n s i t i o n *  s t a t e  can be e s t im a te d *
10 . T he ' t r a n s i t i o n  s t a t e  f o r , t h e  r e a c t i o n  w i l l  p ro b a b ly  be of th e  form  I  
shown below . The model compound chosen was 2 , 2 b i th io p h e n e  I I .
I I I
There a re  th e  f o l l o w i n g  changes in  e n t ro p y  in  chang ing  from  I I  t o  I :
a .  There w i l l  be no change in  t r a n s l a t i o n a l  o r  r o t a t i o n a l  e n t r o p y  
s in c e  th e  a d d i t i o n  of one l i g h t  hydrogen atom w i l l  have l i t t l e  e f f e c t  
on th e  o v e r a l l  mass.
b .  The a d d i t i o n  of a hydrogennatom t o  I I  w i l l  change i t s  symmetry 
from  <3~ = 2 t o  c r  =  1 .  Hence t h e r e  w i l l  be an, i n c r e a s e  in  e n t r o p y  of 
R ln 2 . ...........
c .  I  has an u n p a i re d  e l e c t r o n  which c o rre sp o n d s  too an I n c r e a s e  i n  
e n t ro p y  of R ln2 .
d .  In  th e  t r a n s i t i o n  s t a t e  t h e r e  i s  an added C C ---H  b en d in g  f r e ­
quency . Benson ( l )  s u g g e s ts  t h a t  th e s e  bends have a  f r e q u e n c y  o f 800
cm } T h is  c o r re sp o n d s  t o  an in c r e a s e  in  e n tro p y  of 1 -8  c a l s  m o le"^ .
11 . The e n t ro p y  o f - 1  w i l l  .be S ^ ^ ( l )  ^ - S i n t  ( i l )  +• 2Rln2 +  1 - 8 .  The e n t r o p y  
o f a c t i v a t i o n  w i l l  t h e r e f o r e  bes
A1.7
iw u  jLuuu j.uuu 4 5 ' iuuu ’ 4 4 '
4  - 1S u b s t i t u t i n g  th e  v a lu e s  of S^qqq from Table  2 g iv e s  A S  s — 41*39 c a l s  K
mole 1 • F o r  a  b im o le c u la r  r e a c t i o n  AS^- must be a d ju s t e d  f o r  c o n c e n tra t io n s  
by a d d in g  R ln (e R 'T )  where R and R 1 a re  th e  gas c o n s ta n t  w i th  v a lu e s  off*
1*987 c a l  K 1 mole 1 and 0*08205 1 atm K 1 mole 1 and T th e  t e m p e ra tu re .  
Hence A s ^  =  —30*65 c a l s  K * mole 1 which s u b s t i t u t e d  in  th e  e x p r e s s io n  
f o r  A from  t r a n s i t i o n  s t a t e  th e o r y  g iv e s :
A = TO7 ’41 I  mole*”1 s ” 1
REACTION. C4H^ S 4- C j s = (C ^ S ) g_
12 . The mod e l .  compound chosen  was 2 , 2 ’- b i t h io p h e n e  ( l l ) . , a n d  th e  t r a n s i t i o n  
s t a t e  I I I .
P -  Q
m i
The changes in  e n t ro p y  in  ch an g in g  from I I  t o  I I I  w i l l  be:
a .  T r a n s l a t i o n a l , s p i n s  and symmetry n i l .
b .  In  fo rm in g  th e  t r a n s i t i o n  s t a t e  th e  C;—C v i b r a t i o n  (1000 cm*”1 ) i s
l o s t  and th e  f o u r  C—C —C v i b r a t i o n s  become C—C  C; v ib r a t io n s * .
Benson ( l )  s u g g e s t s  t h a t  f o r  benzene C — C  C ^  1 /5  G - C  — C.. Assuming;.
t h i s  i s  c o r r e c t  f o r  th io p h e n e  t h e r e  w i l l  be an i n c r e a s e  i n  e n t ro p y  o f  
9*8 calls K"1 mole"”1 .
c .  Because of th e  le n g th e n ed  C C bond t h e r e  w i l l  be a  change i n  th e
moment of i n e r t i a  and t h e r e f o r e  a. change in  th e  e n t ro p y  a s s o c i a t e d  w ith
th e  e x t e r n a l  r o t a t i o n  o f  th e  m o le c u le .  I f  x  i s  th e  e x te n s io n  of th e
4  2C — C bond th e n  A S  , =  B3)nx-3/2r. A r e a s o n a b le  v a lu e  f o r  x  i s  2*5 (5 )
—1 —1hence t h e r e  w i l l  be an i n c r e a s e  in; e n t r o p y  of 1*7 c a l s  K mole ,
A1.8
A d ju s t in g  f o r  c o n c e n t r a t i o n  g i v e s :
. _  ,  n8-6  - l  _ iA — TO 1 mole s
ENTHALPY' OP REACTION OF +  C E , s  Qffp +  ff
13# The e n th a lp y  o f fo rm a t io n  o f  benzene and hydrogen atoms were o b ta in e d  
from  th e  l i t e r a t u r e  ( l ) (7)* The v a lu e  of ^ ^ . n a p h t h a l e n e  was
c a l c u l a t e d  from  th e  g roups  [Cb—(H)J and J d j f —(Cbijg (C b f)] (see  T ab le  l ) , .  
C ow perthw aite  and Bauer (6 ) qu o te  a v a lu e  of A H ^ ^ g  f o r  th e  r a d i c a l  G^H ,^ 
of 102*5 K cals m ole~^. Prom th e  g roups in  T ab le  1 i t  i s  p o s s ib l e  t o  estfc- 
im ate G ^ ^ g  ant* ^piOOO ^ o r 'b l^ i s  ra(*i c a l  and hence e s t i m a te  A H ^ q q q  • 
T h e re fo re :
C6h6 +  C4H
44*3 120*4'
C10H8 
74* 6
+ H
53*1 A H  K cals  molef  1000
-1
Hence:
-1A  Hi ooo = ' ~37 K cals mole * o r  -155  mole -1
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APPENDIX 2
GAS-LIQUID CHROMATOGRAPHIC 
ANALYSIS
INTRODUCTION
1 . T h is  ap p en d ix  c o n ta in s  a l l  th e  d e t a i l s  o f  th e  g a s - l i q u i d  ch ro m a to g rap h ic  
a n a l y s i s  used  in  th e  ex p e r im en ts  in  b o th  P a r t  I  and ’ I I 'O f ' : t h e  t h e s i s -
CONDITIONS
2 .  T ab le  1 g iv e s  a l l  th e  c o n d i t io n s  u n d e r  which each  sample was a n a ly s e d .
The s i g n i f i c a n c e  o f  each  sample ty p e  can  be found i n  th e  e x p e r im e n ta l  
s e c t i o n s  o f  th e  t e x t .
CALIBRATIONS
3 . The c a l i b r a t i o n s  c a r r i e d  out in  o r d e r  t h a t  a n a ly s e s  could  be q u a n t i t ­
a t i v e  were of two ty p e s :
a .  D i r e c t  c a l i b r a t i o n  f o r  gaseous and v o l a t i l e  p r o d u c t s .
b .  C a l i b r a t i o n  w i th  an i n t e r n a l  s ta n d a rd  f o r  i n v o l a t i l e  p r o d u c t s .
A ll  peak  a re a s  were measured w i th  a  Pye DP11 com puting i n t e g r a t o r .
4* D i r e c t  C a l i b r a t i o n  f o r  Permanent G ase s . C a l i b r a t i o n s  f o r  th e  g a se s  
h y d ro g e n ,m e th an e ^ a c e ty len e  and b u ta d ie n e  were c a r r i e d  out by making u p , 
by p re s su re ,k n o w n  m ix tu re s  o f  th e  gas i n  n i t r o g e n .  P ig  I  shows th e  a p p a r a tu s  
u s e d ; t h i s  c o n s i s t e d  o f  a vacuum l i n e  w i th  a  m ixing  v e s s e l  ( A )  f i t t e d  w i t h  a- 
m agnetic  s t i r r e r  su ch  t h a t  th e  v e s s e l  was c o m p le te ly  s e a l e d  w h i le  be ing , 
s t i r r e d .  Sample gas and n i t r o g e n  were in t ro d u c e d  i n t o  th e  l i n e  v i a  two t a p s  
(B ) .  The p r e s s u r e  was measured w i th  a  manometer ( C ) .  V arious m ix tu re s  were
•5
made u p .  Via j o i n t  (D ),2  cm sam ples of th e s e  m ix tu re s  were t a k e n  w i th  a  
H am ilton 2*5 cm^ gas s y r in g e  and i n j e c t e d  i n t o  th e  ch ro m ato g rap h .
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FIG 1 APPARATUS FOR PREPARING GAS MIXTURES
C a l i b r a t i o n  c u rv e s  were th e n  o b ta in e d  o f  peak  a r e a  and h e ig h t  agains tc  
p e rc e n ta g e  c o n c e n t r a t i o n .  F ig  2 shows th e  c a l i b r a t i o n  curve f o r  m ethane.
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FIG 2 CALIBRATION CURVE FOR METHANE
A 2 . 3
;?# .u irecx  u a x ip ra x io n  on tn e  s t a t i c  A p p a r a tu s .  For c a l i b r a t i o n s  on th e  
s t a t i c  a p p a r a t u s , m ix tu res  were made up by p re s s u re  in  th e  h ea ted  m ixing 
g lo b e s  and sampled w i th  a gas sample loop  (see  C hap ter  4: f o r  f u r t h e r  d e t a i l s  
o f th e  a p p a r a t u s ) .  Due to  th e  m ixing  g lo b e s  be in g  h e a te d ,a n d  th e  l im i t e d  
c o n c e n t r a t i o n  ra n g e  u s e d , i t  was p o s s ib l e  t o  c a l i b r a t e  th e  chrom atograph 
f o r  th io p h e n e  vapour#
6 . D i r e c t  C a l i b r a t i o n  in  S o l u t i o n # V o l a t i l e  o r  gaseous  p ro d u c ts  such  as 
hydrogen s u lp h id e  o r  th io p h e n e  were a d so rb ed  onto  th e  s u r f a c e  o f  th e  
m ix ing  v e s s e l  ( t h i s  d id  n o t  o c cu r  w i th  c a l i b r a t i o n s  on th e  s t a t i c  a p p a ra tu s  
see  p a ra g ra p h  5)* On s u c c e s s iv e  d i l u t i o n s  of th e  o r i g i n a l  5 mi x t u r e  th e  
compound d eso rb ed  o f f '  of th e  s u r f a c e  of th e  mixing vesse l# . T h is  changed th e  
e f f e c t i v e  c o n c e n t r a t i o n  in  th e  m ixing v e s s e l  which cau sed  th e  c a l i b r a t i o n  
c u rv es  t o  become non—l i n e a r .  S i l y l a i i o n  of th e  m ix ing  v e s s e l  o n ly  s l i g h t l y  
red u ced  th e  a d so rp t io n #  D i r e c t  c a l i b r a t i o n s  f o r  th e s e  compounds was a ch iev ed  
by i n j e c t i n g  a  known q u a n t i t y  of a  s o l u t i o n  of known c o n c e n t r a t i o n  i n t o  th e  
chrom atograph# The s o l u t i o n  was s u c c e s s iv e ly  d i l u t e d  and f u r t h e r  i n j e c t i o n s
15
10
5
0
1 2 3
MOLES of THIOPHENE* 10*
FIG 3 CALIBRATION CURVE FOR THIOPHENE
A2#4
maae. oo ru x io n s  01 nyarogen  s u ip n i a e  were maae oy a i s s o i v m g  th e  gas  i n  
w a te r  and d e te r m in in g  th e  c o n c e n t r a t i o n  o f  th e  s o l u t i o n  by t r e a t i n g  i t  w i th  
e x c e s s  a r s e n io u s  ox ide  s o l u t i o n  and back  t i t r a t i n g  w i th  a  s ta n d a rd  io d in e  
s o lu t io n #  F ig  3 shows th e  c a l i b r a t i o n  cu rve  f o r  th iophene#
7# Vapour P r e s s u r e  Method# In  o rd e r  t o  check  th e  above r e s u l t s  f o r  th io p h e n e  
a sy s tem  of p ro d u c in g  gaseous  m ix tu res  of th io p h en e  and a i r , w h i l s t  m inim- 
i s i n g  any e f f e c t s  due t o  a d s o r p t io n ,w a s  d ev ised#  A 100 cm g ra d u a te d  f l a s k  
c o n ta i n in g  a. few. grams of th io p h e n e  and s e a l e d  w i th  a  ru b b e r  cap v e n te d  by 
a  n e e d le ,w a s  a llo w ed  t o  e q u i l i b r a t e  in  a  c o n s ta n t  te m p e ra tu re  w a te r  b a th .  
A f t e r  s e v e r a l  h o u rs  a. 2 cm^ sample of th e  headspace  gas  was a n a ly s e d .  From 
a  knowledge of th e  A nto ine  e q u a t io n  f o r  th io p h e n e ( l  and th e .- te m p e ra tu re  of 
th e  b a th  th e  v ap o u r  p r e s s u r e  and hence th e  p e rc e n ta g e  o f  th io p h e n e  i n  th e  
headspace  g a se s  cou ld  be c a l c u l a t e d .  The r e s u l t s  con firm ed  th e  c a l i b r a t i o n  
cu rve  shown in  F ig  3 .
8 . I n t e r n a l  S tan d a rd  Method. F o r  i n v o l a t i l e  compounds such  as b i th io p h e n e  
and b en zo th io p h en e  th e  ch rom atograph  was c a l i b r a t e d  w i th  th e  i n t e r n a l  s t a n ­
d a rd  method. T ab le  2 g iv e s  th e  i n t e r n a l  s ta n d a rd  u sed  f o r  each  compound.
F ig  4' shows a  t y p i c a l  c a l i b r a t i o n  p l o t .
TABLE 2
Compound I n t e r n a l  S tandard
B ith io p h en e
B enzoth iophene
N aphthalene
P h e n y lth io p h e n e
B iphenyl a n d /o r  
B enzoth iophene
‘B iphenyl B enzoth iophene
T erp h en y ls B en z il
A2-.5
0 0-5 VO V5
PEAK AREA BENZOTHIOPHENE;/PEAK AREA BIPHENYL
2*0
FIG 4 CALIBRATION CURVE FOR BENZOTHIOPHENE WITH BIPHENYL AS AH
INTERNAL STANDARD
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ARRHENIUS PARAMETERS
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NOTES
( a ) .  T h e o r e t i c a l  v a lu e s  c a l c u l a t e d  w i th  B enson 's  (3 )  methods*
( b ) .  O btained by r e a c t i n g  pheny l r a d i c a l s  w i th  benzene (see  C hap te r  8 ) .
(c)* O bta ined  from  th e  r a t e  o f  e v o lu t io n  of b ip h e n y l  from benzene p y r o ly s i s  
(see  C h ap te r  8)*
( d ) .  E x p e r im en ta l  v a lu e  based  on th e  e s t im a te  of E in  s e r i a l  6 (see  
C hap ter  5)*
(e)* T h e o r e t i c a l  v a lu e s  (see  C hapter  5 and Appendix l ) .
( f ) .  I t  has been  assumed t h a t  th e  a c t i v a t i o n  en e rg y  i s  a p p ro x im a te ly  th e
same as t h a t  in  s e r i a l  1* The p r e - e x p o n e n t i a l  f a c t o r s  a re  t h e o r e t i c a l  
v a lu e s  ( s e e  Appendix l ) *
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A3.2
APPENDIX 4
CHEMICALS
1 . Table  1 g iv e s  th e  ch em ica ls  used  in  th e  e x p e r im e n ta l  s e c t i o n s  of t h i s  
w o r k , t h e i r  so u rc e  and t h e i r  p u r i t y .
TABLE I
Chemical Source Minimum P u r i t y
Thiophene Cambrian Chemicals 99$ (o 2$ cs2 )
Benzene BDH 99$ (0 0002$ T h iophene)
C hlorobenzene BDH 99$
2-B rom othiophene A ld r ic h  Chemicals 98$
2 - Io d o th io p h e n e - 98$ (by GLC)
B utad iene Matheson In s t ru m e n t  Grade
N i t r i c  Oxide BDH . 99$
Hydrogen S u lph ide BDH 99 6$
A cety len e BOC In s t ru m e n t  Grade
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